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Abstract
Over the last decades, the formerly irrevocable believe that proteins are the only key-factors in
the complex regulatory machinery of a cell was crushed by a plethora of findings in all major
eukaryotic lineages. These suggested a rugged landscape in the eukaryotic genome consist-
ing of sequential, overlapping, or even bi-directional transcripts and myriads of regulatory
elements. The vast part of the genome is indeed transcribed into an RNA intermediate, but
solely a small fraction is finally translated into functional proteins. The sweeping majority,
however, is either degraded or functions as a non-protein coding RNA (ncRNA).
Due to continuous developments in experimental and computational research, the variety of
ncRNA classes grew larger and larger, ranging from key-processes in the cellular lifespan to
regulatory processes that are driven and guided by ncRNAs. The bioinformatical part pri-
marily concentrates on the prediction, annotation, and extraction of characteristic properties
of novel ncRNAs. Due to conservation of sequence and/or structure, this task is often deter-
mined by an homology-search that utilizes information about functional, and hence conserved
regions, as an indicator.
This thesis focuses mainly on a special class of ncRNAs, small nucleolar RNAs (snoRNAs).
These abundant molecules are mainly responsible for the guidance of 2’-O-ribose-methylations
and pseudouridylations in different types of RNAs, such as ribosomal and spliceosomal RNAs.
Although the relevance of single modifications is still rather unclear, the elimination of a bunch
of modifications is shown to cause severe effects, including lethality.
Several de novo prediction programs have been published over the last years and a substantial
amount of publicly available snoRNA databases has originated. Normally, these are restricted
to a small amount of species and a collection of experimentally extracted snoRNA. The
detection of snoRNAs by means of wet lab experiments and/or de novo prediction tools is
generally time consuming (wet lab) and a quite tedious task (identification of snoRNA-specific
characteristics).
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The snoRNA annotation pipeline snoStrip was developed with the intention to circumvent
these obstacles. It therefore utilizes a homology-based search procedure to reliably predict
snoRNA genes in genomic sequences. In a subsequent step, all candidates are filtered with
respect to specific sequence motifs and secondary structures. In a functional analysis, poten-
tial target sites are predicted in ribosomal and spliceosomal RNA sequences. In contrast to
de novo prediction tools, snoStrip focuses on the extension of the known snoRNA world to
uncharted organisms and the mapping and unification of the existing diversity of snoRNAs
into functional, homologous families.
The pipeline is properly suited to analyze a manifold set of organisms in search for their
snoRNAome in short timescales. This offers the opportunity to generate large scale analyses
over whole eukaryotic kingdoms to gain insights into the evolutionary history of these spe-
cial ncRNA molecules. A set of experimentally validated snoRNA genes in Deuterostomia
and Fungi were starting points for highly comprehensive surveys searching and analyzing
the snoRNA repertoire in these two major eukaryotic clades. In both cases, the snoStrip
pipeline proved itself as a fast and reliable tool and collected thousands of snoRNA genes in
nearly 200 organisms. Additionally, the Interaction Conservation Index (ICI), which is am-
plified to additionally work on single lineages, provides a convenient measure to analyze and
evaluate the conservation of snoRNA-targetRNA interactions across different species. The
massive amount of data and the possibility to score the conservation of predicted interactions
constitute the main pillars to gain an extraordinary insight into the evolutionary history of
snoRNAs on both the sequence and the functional level. A substantial part of the snoR-
NAome is traceable down to the root of both eukaryotic lineages and might indicate an even
more ancient origin of these snoRNAs. However, a plenitude of lineage specific innovation
and deletion events are also discernible. Due to its automated detection of homologous and
functionally related snoRNA sequences, snoStrip identified extraordinary target switches in
fungi. These unveiled a coupled evolutionary history of several snoRNA families that were
previously thought to be independent. Although these findings are exceedingly interesting,
the broad majority of snoRNA families is found to show remarkable conservation of the se-
quence and the predicted target interactions.
On two occasions, this thesis will shift its focus from a genuine snoRNA inspection to an
analysis of introns. Both investigations, however, are still conducted under an evolutionary
viewpoint. In case of the ubiquitously present U3 snoRNA, functional genes in a notable
amount of fungi are found to be disrupted by U2-dependent introns. The set of previously
known U3 genes is considerably enlarged by an adapted snoStrip-search procedure. Intron-
disrupted genes are found in several fungal lineages, while their precise insertion points within
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the snoRNA-precursor are located in a small and homologous region. A potential targetRNA
of snoRNA genes, U6 snRNA, is also found to contain intronic sequences. Within this work,
U6 genes are detected and annotated in nearly all fungal organisms. Although a few U6 intron-
carrying genes have been known before, the widespread of these findings and the diversity
regarding the particular insertion points are surprising. Those U6 genes are commonly found
to contain more than just one intron. In both cases of intron-disrupted non-coding RNA
genes, the detected RNA molecules seem to be functional and the intronic sequences show
remarkable sequence conservation for both their splice sites and the branch site.
In summary, the snoStrip pipeline is shown to be a reliable and fast prediction tool that
works on homology-based search principles. Large scale analyses on whole eukaryotic lineages
become feasible on short notice. Furthermore, the automated detection of functionally related
but not yet mapped snoRNA families adds a new layer of information. Based on surveys
covering the evolutionary history of Fungi and Deuterostomia, profound insights into the
evolutionary history of this ncRNA class are revealed suggesting ancient origin for a main
part of the snoRNAome. Lineage specific innovation and deletion events are also found to
occur at a large number of distinct timepoints.
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Life, the Universe and
Everything ... else∗
“ In the beginning the Universe was created. This has made a lot of peoplevery angry and been widely regarded as a bad move.
”
Douglas Adams, The Restaurant at the End of the Universe, 1980
1.1 Life
Life in a biological meaning describes a set of processes, e.g., signaling, adaptation, or re-
production that distinguishes physical entities from inanimate ones. There are several forms
of life such as bacteria, archaea, plants, fungi, or animals. They all share a carbon- and
water-based cellular form with heritable genetic information composed of DNA and RNA.
Until 25 years ago, it was common thought that proteins are the key molecules within the
complex regulatory system of a cell despite some known ‘conventional’ non-coding RNAs like
ribosomal-, transfer-, and small nuclear RNAs. However, the finding of a self-splicing intron
in Tetrahymena termophila by Zaug & Cech [1986] and the fact that the nucleic part of the
ribonuclease-P in Escherichia coli occupies the enzymatic activity, shown by Guerrier-Takada
et al. [1983], casted first doubts about this theory. Shortly after these discoveries, Walter
∗ Douglas Adams (1982). Life, the Universe and Everything. Pan Books, London.
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Gilbert was the first to propose the RNA world hypothesis in which ribonucleic acids play the
predominant role, and thus no distinction between information storage and function is made
[Gilbert 1986]. According to him, RNA molecules possessed the ability to assemble themselves
from the nucleic soup and to evolve by mutation and recombination in self-replicating pat-
terns. This initial stage was followed by the synthesis of amino acid binding RNA molecules
and, subsequently, by the development of amino acid chains, which were encoded according
to an RNA template. These first proteins could have accumulated with active RNA molecules
in order to improve their stability and/or functionality. As time passed, the associated pro-
teins may have become more complex and versatile than their counterparts and, consequently,
took command and got rid of most of their nucleic components. This presumed development
raises the question whether these enzymatically active ribonucleic acids and ribonucleopro-
tein complexes are solely evolutionary fossils indicating the biochemical evolution, as Frank
Westheimer asked in his essay about RNAs as enzymes [Westheimer 1986]? Certainly not,
since compelling evidence has been obtained over the last decades indicating a great variety of
different non-coding RNA classes and an astonishing functional diversity. Furthermore, these
RNA molecules fueled the hopes of finding explanations for the steadily increasing complexity
of mammals which is accompanied with a slightly enhanced amount of protein coding genes
only, compared to ‘lower organisms’ like worms or flies [Mattick 2004]. In fact, the current
situation is perfectly summarized by Hu¨ttenhofer et al. [2005]: Non-coding RNAs: hope or
hype?
1.1.1 Non-coding RNAs
The central dogma of molecular biology describes an information flow from DNA towards
protein through an RNA intermediate. This conviction arose from the probably most funda-
mental belief in molecular biology stating that genes are generally protein coding. From this
point of view, it is relatively easy to generalize that ‘genes’ are nothing less than synonyms of
proteins indicating that genomic output is almost entirely transformed into protein. However,
this only holds for prokaryotes whose genomes consist of tightly packed protein coding genes
intermitted by known infrastructural RNAs like tRNAs or rRNAs. But despite some early
conjectures that RNA molecules might have regulatory importance [Jacob & Monod 1961,
Britten & Davidson 1969], it has been erroneously assumed that the central dogma is also valid
for the more complex eukaryotes. These deceptive beliefs were fostered, at least to some de-
gree, by insufficient and time-consuming experimental approaches, by incompletely sequenced
genomes, and inadequate bioinformatic methods for computational analyses. The incipiently
turning point were the findings in the fruit fly Drosophila melanogaster that demonstrated
2
1.1. Life
Table 1.1. Overview of non-coding RNA groups in eukaryotes, their associated members,
average sequence length, and assumed functions. * tRNAs are Pol III transcribed as well.
† miRNAs and piRNAs are also denoted as small RNAs.
ncRNA size (nt) function
rRNAs 20-4700 peptidyltransferase
ancient RNAs tRNA∗ 74-100 AA transportation
RNase P ∼300 pre-tRNA cleavage, PolIII transcription factor
miRNAs† ∼22 post-transcriptional gene silencing
repeat rasiRNAs† 24-29 reg. of chromatin structure & transcriptional silencing
associated 4.5SH RNA 94 unknown
4.5SI RNA 101-108 unknown
H19 2.3kb growth influences, tumor suppressor, oncogene
mRNA like BIC 800-1700 T-cell specific transcript
Evf-2 3.8kb co-activator for the homeobox TF Dlx-2
snRNAs 100-170 intron splicing
Pol III Y RNA 82-112 regulation of DNA replication & cell proliferation
transcripts 7SK ∼330 inhibition of transcription EF P-TEF
7SL 300 part of the signal recognition particle
piRNA 26-31 gene silencing in germ line cells
small RNAs siRNA 20-25 post-transcriptional gene silencing
snoRNAs 50-250 2’-O-ribose methylation & pseudouridylation
Xist 17kb X chromosome inactivation
large RNAs Tsix 40kb X chromosome activation
Hotair 2.2kb epigenetic gene silencing
extensive expression of intronic regions [Sa´nchez-Herrero & Akam 1989, Lipshitz et al. 1987].
And indeed, after a while were such results have been regarded as exceptions from the rule
that introns are just evolutionary debris, the application of genome-wide tiling array analyses
revealed massive expression of intronic and intergenic regions in the thale cress Arabidopsis
thalianaas well as in humans [Bertone et al. 2004, Wong et al. 2001, Yamada et al. 2003].
Moreover, the International Human Genome Sequencing Consortium revealed an astonishing
low number of human protein coding genes with approximately 25’000 [International Hu-
man Genome Sequencing Consortium 2004] which is roughly the amount of the mouse Mus
musculus, the roundworm Caenorhabditis elegans, or D.melanogaster. Within the purpose of
the ENCODE pilot project about 1% of the human genome was analyzed and it was shown
that about 98% of the genome is at least transcribed into primary transcripts whereas only
3
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1.5% do code for functional proteins in the end [The ENCODE Project Consortium 2007].
Thereupon, the question arose whether this huge amount of transcribed RNA fulfills cellular
regulatory functions or simply is genetic junk.
John Mattick introduced regulatory RNA molecules as a kind of parallel digital solution for
the regulatory requirements in higher organisms when he proposed that protein-based (or
analogous) regulation has reached its effective limit in prokaryotes [Mattick 2004]. With
the possibility that introns and intergenic regions are functional, which means that they are
transmitting genetic information actively via RNA molecules, a whole new type of regulation
becomes viable. And indeed, the extensive amount of untranslated RNA has been found to
provide a huge functional variety in terms of different non-coding RNAs (ncRNAs) in recent
years.
Non-coding or non-protein-coding RNAs are transcripts that do not comprise any clear ‘Open
Reading Frame’, and thus are very difficult to detect from genomic sequence. They fulfill their
molecular function as pure RNA molecules and play a key-role in regulating diverse cellular
activities, e.g., transfer RNAs (tRNAs) in mRNA-translation, telomerase RNAs in telomere
synthesis, spliceosomal RNAs (snRNAs) in pre-mRNA intron splicing, and microRNAs (miR-
NAs) and piwi-interacting RNAs (piRNAs) in post-transcriptional gene silencing. Table 1.1
gives a short overview of most representative ncRNA groups and their functions. Commonly,
ncRNAs function as adapters for associated partner proteins by stabilizing and locating the
nucleic-acid target molecule in the correct position for the enzymatic modification. This is
normally achieved by complementary base pairing and changes in the structural conformation
of the ncRNAs.
Ribosomal RNAs
The key step in gene expression is the translation by transforming the genetic information into
an contiguous functional amino acid chain. Ribosomes form the core of such a machinery and
provide two main functions of translation which reside in either of both subunits. First, the
small subunit grants functionality to decode the genetic information and second, the large sub-
unit provides enzymatic activity to form peptide bonds between two adjacent amino acids. In
recent years, the ribosome has been revealed as a complex RNA-based machinery. A compar-
ison between eukaryotic and prokaryotic rRNAs is shown in Table 1.2. The main function of
ribosomal proteins appears to be the stabilization of highly compact and essential rRNA struc-
tures by massive interactions between both protein and RNA. The 16S rRNA in prokaryotes
provides a type of proof-reading activity; some residues seem to sense appropriate Watson-
Crick base pairs at the first two base pairs in the codon-anticodon interaction and react with a
4
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Table 1.2. Comparison of ribosomal RNAs
between prokaryotes and eukaryotes. The
length of rRNAs may differ depending on
the species.
subunit rRNA length
5S 120nt
prokaryotes
LSU
23S 2900nt
SSU 16S 1540nt
5S 120nt
LSU 5.8S 160nt
eukaryotes
28S 4800nt
SSU 18S 1870nt
conformational change allowing the discrim-
ination between non- or near-cognate inter-
actions [Ogle et al. 2001]. The LSU pocket
hosting all functional groups for the pep-
tidyltransfer reaction is exclusively formed
by a 23S rRNA domain. Additionally, this
domain is highly conserved throughout all
kingdoms of life and is stabilized by four
ribosomal proteins. Since these proteins
are not located in close proximity in order
to participate in the catalytic reaction, the
RNA component is known to catalyze the
transfer reaction [Nissen et al. 2000].
The eukaryotic genome comprises two differ-
ent transcription units for ribosomal RNAs (rRNA). The main transcription unit is called
ribosomal cistron and encodes 18S, 5.8S, and 28S rRNAs. Five such Pol I associated clusters
are known, each of which contains 30-40 tandem repeats. In human, for example, they are
located on chromosomes 13, 14, 15, 21, and 22. On the other hand, 5S rRNA is solely encoded
and transcribed by Pol III. 5S occurs in large tandem repeats consisting of 200-300 true copies
which are frequently interrupted by dispersed pseudogenes.
The biogenesis of mature ribosomal RNA in eukaryotic cells involves a series of different
processing steps. Thereby, mature small subunit and large subunit sequences undergo a
complex collection of nucleoside modifications. The most common ones, 2’-O-methylation
and pseudouridylation are introduced concurrently or immediately after transcription of the
rRNA cistron, prior to cleavage of the 45S rRNA which is the primary transcription product
of the rRNA operons. These modifications are essential for maturation of the rRNAs. The
special snoRNAs U3, U8, U14, U17, and U22 direct cleavage steps of the 45S rRNA rather
than chemical modifications [Atzorn et al. 2004].
Small Nuclear RNAs
The removal of major and minor introns requires the assembly of five spliceosomal ribonu-
cleoprotein particles (snRNPs), each consisting of one uridine-rich and post-transcriptionally
modified small nuclear RNA (snRNA) and at least one associated protein. Due to common
sequence features, these snRNAs can be subsumed into two distinct classes. The Sm snRNA
class comprises U1, U2, U4, U4 atac, U5, U7, U11, and U12 and is characterized be a 5’-
5
1. Life, the Universe and Everything ... else
trimethylguanosine cap, a 3’ stem-loop, and a binding site for seven Sm proteins which form a
specific ring structure. The LSm snRNA class includes U6 and U6 atac. These RNAs contain
a 5’-monomethylphosphate cap and a 3’ step-loop that terminates in a poly-uridine stretch
necessary for binding of LSm (Like Sm) proteins. The gene copy number for Sm snRNAs
varies widely between eukaryotes, ranging from only a few copies in insects and plants, over
10-100 copies in mammals to about a thousand in amphibia. The vast majority of such genes
is organized in more or less perfect tandem repeats whereby the major cluster of U1 and U2
in human can be found on the chromosomes 1 and 17. This circumstance is accompanied
with the finding that these snRNAs diverge significantly in length and sequence of the coding
portion from primitive eukaryotes to Eumetazoa [Patel & Bellini 2008]. On the other side,
LSm snRNA gene copy numbers reside constantly on a low level throughout all metazoan
resulting in only five functional copies in the human genome. Thereupon, U6 genes show a
high degree of length and sequence conservation.
Both snRNA classes do also comprise distinct snRNP assembly pathways. Sm snRNA genes
are Pol II associated and the pre-snRNA is transported into the cytoplasm after transcription
where Sm proteins start to bind and the 5’ and 3’ end. These steps are followed by an
association of further RNP-related proteins and an additional transport into the cajal bodies
where post-transcriptional nucleoside modifications are performed by small cajal body specific
RNPs. The matured snRNP is finally recruited to the spliceosome.
Both U6 and U6 atac snRNA genes are transcribed by Pol III and transported into the nucle-
olus where small nucleolar RNPs fulfill some specific nucleoside modifications. Subsequently,
multiple LSm proteins assemble a protein ring at the 3’ end [Patel & Bellini 2008]. Only little
is known about the following step of snRNP assembly which takes place in the cajal bodies
and splicing factor compartments (SFCs).
1.1.2 Small Nucleolar RNAs
Small nucleolar RNAs (snoRNAs) are one of the most abundant and evolutionary ancient
groups of functional non-coding RNAs. Their presence in both Archaea and Eukarya indicates
that these small RNA molecules arose over 2-3 billion years ago. Over the last decades, since
their initial characterization around 1990, snoRNAs were found to possess an impressive
variety of cellular functions ranging from 2’-O-ribose methylation and pseudouridylation of
several RNA classes through nucloelytic processing of rRNAs, synthesis of telomeric DNA to
different functions in genomic imprinting and alternative splicing [Maxwell & Fournier 1995,
Tollervey & Kiss 1997, Bachellerie et al. 2002, Kiss 2002, Matera et al. 2007]. Furthermore,
Taft et al. [2009] and Ender et al. [2008] proved that some snoRNAs may be processed into
6
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CH3
CH3
(a) box C/D snoRNA (b) box H/ACA snoRNA
Figure 1.1. Structural properties of canonical box C/D (a) and box H/ACA snoRNAs (b).
smaller RNAs, so-called sdRNAs, that act in a microRNA-like fashion in post-transcriptional
gene silencing. In fact, most box H/ACA snoRNA snoRNAs, but not box C/D snoRNA
snoRNA, are substrates for Dicer [Langenberger et al. 2012].
In order to obtain functionality, snoRNAs are aggregated within small nucleolar ribonucleo-
proteins (snoRNPs). Such a multi-component complex consists of a set of highly conserved
type-specific core proteins [Reichow et al. 2007]. The main function of snoRNAs within these
particles is to establish particular target interactions by forming a RNA-RNA duplex between
the snoRNAs anti sense element (ASE) and their target RNAs. This crucial step ensures the
correct positioning of the target modification site for the subsequent catalysis. The enzymatic
activity is then provided by one of the core proteins. Due to their highly specific target sites,
each snoRNA is able to direct at most two different modifications while it is not necessary
that both sites are located in one target RNA. Putative targets, besides ribosomal RNAs and
small nuclear RNAs in eukaryotes [Darzacq et al. 2002], include transfer RNAs in Archaea
[Dennis et al. 2001], spliced leader RNAs in trypanosomes [Uliel et al. 2004], and brain-specific
messenger RNAs in mammals [Cavaille´ et al. 2000, Kishore & Stamm 2006]. SnoRNA genes
without any known target are referred to as ‘orphan’ snoRNAs.
Based on sequence, structure, and functional properties, small nucleolar RNAs can be classi-
fied into two major classes, box C/D snoRNAs and box H/ACA snoRNAs.
Box C/D snoRNAs, averaging 60 to 100 nucleotides in length, carry two short conserved
sequence motifs, i.e., box C with the consensus RUGAUGA and box D with CUGA, that are
located close to the 5’ and 3’ end, respectively. In some cases, imperfect and less conserved
copies of both box motifs, namely, box C’ and D’, are internally located in the order C -
7
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D’ - C’ - D [Kiss-La´szlo´ et al. 1998]. The target sites are located immediately upstream
of box D and/or box D’ and build a 7 to 20nt long antisense element responsible for the
sequence-specific target recognition. Therein, the snoRNA/target duplex comprises no bulges
and may only be interrupted by a few mismatches. The ’core region’ exhibits the stringest
target binding and is allowed to contain at most one mismatch. The nucleotide that shall be
modified is always bound to the fifth nucleotide upstream of box D/D’ [Chen et al. 2007].
Commonly, short complementary regions between the 5’ and 3’ end of the snoRNA ensure
the spatial contiguity of box C and box D in order to build a Kink-turn tertiary structure
that is essential for the subsequent initiation of the snoRNP assembly [Klein et al. 2001,
Reichow et al. 2007, Moore et al. 2004]. Box C/D snoRNAs are very specifically processed
and are presumably trimmed by exonucleases to boundaries determined by the proteins of
the snoRNP complex. The 5’ end of the molecule is sharply defined four to five nucleotides
upstream of box C while the 3’ end varies between two to five nucleotides downstream of box
D [Kishore et al. 2013].
Except for extraordinary snoRNAs like U3 or U8, C/D box snoRNAs mostly guide the methy-
lation of 2’-O-ribose in all types of RNA nucleotides. On the other side, special C/D box
snoRNAs function in pre-rRNA processing by directing rRNA cleavages [Tyc & Steitz 1989,
Kass et al. 1990, Tycowski et al. 1994, Henras et al. 2008].
H/ACA box snoRNAs do also share a conserved secondary structure consisting of two im-
perfect hairpins and two single-stranded regions. This ’hairpin-hinge-hairpin-tail’ structure
carries two conserved box motifs, box H with consensus ANANNA and box ACA with ACA,
located in the hinge and tail, respectively [Ganot et al. 1997b, Ni et al. 1997]. However,
in Archaea and lower eukaryotes like trypanosomes, similar snoRNAs exist in the form of
a single hairpin or three-stem structure with an ACA or AGA box located at the 3’ end
[Bachellerie et al. 2002, Liang et al. 2001]. In higher eukaryotes, SNORA74 is an example for
a three-stem H/ACA box snoRNA, comprising targets in its first and third hairpin [Lestrade
& Weber 2006]. Canonical two-stem H/ACA box snoRNAs contain interior loops, also named
pseudouridylation pockets, in either one or both hairpins. They provide bipartite antisense
elements for target RNA interaction with a total length of 6 to 20nt. Hence, both arms of the
internal loop are needed to bind the target sequence while two nucleotides remain unpaired in
between both interaction regions. The first one, in the reading direction of the target RNA, is
the uracil to be modified while the second one is unspecified. Similar to box C/D snoRNAs,
no bulges and only a few mismatches are allowed within the duplex. The conserved distance
between the target uridine and the downstream box motifs is about 14 to 16 nt [Ni et al.
1997, Ganot et al. 1997a].
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(a) (b)
Figure 1.2. (a) Isomerization of uridine to pseudouridine by Ψ-synthase.(b) Local stabilization
of RNA stackings due to a water-mediated bridge between the Ψ and the 5’ phosphates of
both the Ψ and the preceding residue (only the backbone of the latter residue is shown).
The picture is taken from Charette & Gray [2000].
A third and minor group is composed of snoRNAs localized in Cajal bodies (CB), a nu-
cleoplasmic organelle that plays an important role in assembly and/or modification of the
nuclear-transcription and RNA-processing machinery [Gall 2003]. In this scope, small ca-
jal body RNAs (scaRNAs) function mainly as guide RNAs just like ordinary snoRNAs but,
however, their targets are primarily the Pol II transcribed snRNAs [Darzacq et al. 2002].
Interestingly, scaRNAs can either contain C/D box or H/ACA box elements or, alternatively,
may even be hybrids carrying features of both snoRNA types. Cajal body specific RNAs
providing H/ACA box motifs share an additional CAB box mediating the retention of these
molecules in the nuclear organelle [Richard et al. 2003]. The consensus sequence can be
described as ugAG, wherein the first and second positions are frequently deviated.
1.1.3 RNA Nucleoside Modifications
Among cellular RNA molecules within Eubacteria, Archaea, and Eukarya, more than 100
modifications of the four standard nucleotides have been detected. This covers the simple
addition of functional groups such as methyl or acetyl groups but also the hyper modification
of bases by adding complex side chains. Nevertheless, methylation of the sugar moiety of the
nucleotide and the isomerization of uridine to pseudouridine are by far the most abundant
modifications. These two modifications are known for several decades and are present in a
great variety of cellular RNA molecules. Due to the guidance of snoRNAs in uridine isomeriza-
tion and ribose methylation, the following paragraphs will solely focus on this subset of RNA
9
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Figure 1.3. Base- and sugar-
methylations exemplary shown
on adenosine.
modifications. The phrase ’RNA modification’ will
also mostly refer to pseudouridylations and 2’-O-
methylations instead of its general meaning.
Although snoRNAs are known to be involved in the
processing of rRNA molecules, the alternative splicing
of messenger RNAs and the maintenance of telomerase
RNAs, their main purpose is the guidance of modifi-
cations of canonical ribosomal and spliceosomal RNAs.
Within these targetRNAs the precise function of each
single modification is still not entirely understood. But
nevertheless, the positions of such chemical modifica-
tions in rRNAs and snRNAs are evolutionarily highly
conserved, indicating a substantial biological impor-
tance. For example, all modified residues of the large
subunit rRNA (LSU) in human can be aligned to the re-
spective modified residues of LSU in mouse [Ofengand
& Bakin 1997]. Many of these sites are even conserved
in the budding yeast Saccharomyces cerevisiae [Maden
1986; 1996]. A correspondence of the (predicted) target
sites was successfully used to identify box C/D snoR-
NAs in the fruitfly genome [Accardo et al. 2004].
Types of RNA Modifications
The presence of a so called ”fifth nucleotide” in both
DNA and RNA was initially described in the middle
of the last century [Wyatt 1950, Davis & Allen 1957].
What had been thought to be 5’-methylcytosine at the
beginning [Hotchkiss 1948] was later identified as 5’-
ribosyluracil, an isomer of the classical nucleoside uri-
dine, and subsequently assigned the name pseudouri-
dine and the abbreviation Ψ [Yu & Allen 1959, Cohn
1959, Scannell et al. 1959], see figure 1.2. Besides stud-
ies demonstrating that Ψ is indeed a bona fide con-
stituent of eukaryotic RNA [Lane & Allen 1961] and
early studies analyzing a potential role of Ψ in the struc-
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ture of tRNAs [Zamecnik 1962], pseudouridine was also attested to be part of bacterial rRNAs
[Nichols & Lane 1967]. But in contrast to eukaryotic RNAs, isomerization of uridine in bac-
terial sequences is solely achieved by enzymes called pseudouridine synthases. Albeit the
detected amounts of Ψ is much larger in eukaryotic rRNAs than in Escherichia coli it comes
as a surprise that besides the nine Ψs in E.coli all 30 Ψs in yeast, and all 55 Ψs in human
LSU rRNA are located within or near the peptidyl transfer center, the catalytically active
region in the LSU [Bakin & Ofengand 1993, Bakin et al. 1994, Ofengand et al. 1995].
There are several surveys pointing at a stabilizing role of Ψ in the context of local RNA stack-
ings [Arnez & Steitz 1994, Auffinger & Westhof 1998]. Due to its structural conformation, Ψ
provides the appropriate environment to coordinate a water-mediated bridge between the N1-
H of the nucleoside and two oxygen H-bond acceptors within the sugar-phosphate backbone
of both the Ψ and the preceding residue, see figure 1.2. Such an inference of water-bridges
restricts the base conformation and mobility of the backbone 5’ to the pseudouridylation site,
regardless of its sequence or structure [Davis et al. 1998].
Shortly after the discovery of the ”fifth nucleotide” several laboratories reported the existence
of miscellaneous base-methylated (mN) and sugar-methylated (Nm) nucleosides [Adler et al.
1958, Littlefield & Dunn 1958, Smith & Dunn 1959]. Methyl groups are either bonded to
endocyclic carbon, endocyclic nitrogen or exocyclic nitrogen in the four canonical bases, see
exemplary structures for base methylated adenine in Figure 1.3 (a-c). In the case of ribose,
however, methyl groups are only bonded to exocyclic O2
′
-oxygen, cf. figure 1.3 (d). About
two-thirds of the more than 100 known chemical distinct nucleotide modifications involve
the addition of a methyl group, and among those, methylation of the ribose moiety of the
nucleotide is by far the most abundant [Motorin & Helm 2011].
Clearly, the in vivo function of ribosomes is not dependent on the higher level of nucleoside
modifications in Eukaryotes compared to eubacterial RNAs. But even so, it is inevitable to
notice that Ψ and Nm are mostly located in functional regions of ribosomal RNAs although the
biochemical roles of these modifications remain more or less speculative [Lane et al. 1995].
In the budding yeast only the loss of multiple modifications within the peptidyl transfer
center suggests an impact on the ribosome activity and cell growth [Liang et al. 2009, King
et al. 2003], whereas disrupted modifications, even at single sites, caused severe morphological
defects in zebrafish, including embryonic lethality [Higa-Nakamine et al. 2012].
In bacteria, being independent of any RNA molecule to guide nucleoside modifications, it was
shown that Ψs just as the modifications of the four canonical bases occur post-transcriptionally
only [Johnson & So¨ll 1970, Nichols & Lane 1968a; b]. In eukaryotic RNA, however, methy-
lation in SSU is predominantly co-transcriptionally, whereas in LSU it appears to be co- and
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post-transcriptionally [Kos & Tollervey 2010, Birkedal et al. 2015].
Ribosomal RNAs
In the early 70s, 55 ribosomal methylation sites were detected in Saccharomyces carlsber-
gensis, a close relative to the budding yeast [Klootwijk & Planta 1973]. Later on, a total
amount of 44 pseudouridylation sites within both the large ribosomal subunit (LSU) and
the small subunit (SSU) of S.cerevisiae were detected [Bakin et al. 1994, Bakin & Ofengand
1995]. An additional site was found in each of the two small rRNA sequences, the 5S and 5.8S
rRNAs that are part of the large subunit [Rubin 1973, Miyazaki 1974]. In contrast to the Ψs
in the other ribosomal RNA molecules that depend on a snoRNP complex with its canoni-
cal pseudouridine synthase Cbf5, Ψ formation in 5S rRNA is directly catalyzed by Pus7, a
pseudouridine synthase that is not dependent on a guide sequence or any additional cofactor
[Decatur & Schnare 2008]. In case of canonical pseudouridylation sites, each of the 45 modifi-
cations is guided by a known snoRNA [Schattner et al. 2004, Torchet et al. 2005]. This is also
true for the majority of the 54 known sugar methylations in S.cerevisiae where snoRNA
guides are experimentally verified for 50 sites [Lowe & Eddy 1999, Davis & Ares 2006].
Table 1.3. Modification sites in human
(Hsa) and yeast (Sce) rRNAs. The sites
were collected from the snoRNA-LBME-db,
UMass, and Modomics databases. * Two
of these methylation sites are hypotheti-
cal, see text.
Ψ CH3 other
rRNA
H
sa
S
ce
H
sa
S
ce
H
sa
S
ce
LSU 58 30 63* 37 4 7
SSU 37 14 40 17 6 3
5.8S 2 1 2 0 0 0
5S 0 1 0 0 0 0
The remaining four methylation sites are all
part of tandem methyl sites (Am649/Cm650,
Am1449/Gm1450, Am2280/Am2281, and
Um2931/Gm2922), for which the snoRNAs
guiding the upstream modifications are clearly
assignable. It is known that Gm2922 is ex-
clusively modified by the protein Spb1b in a
rather late rRNA maturation step [Lapeyre &
Purushothaman 2004], whereas no such knowl-
edge is noted for the other sites yet.
Recently, a sequencing-based method was ap-
plied to analyze methylations on a nucleotide
level in yeast ribosomal RNAs [Birkedal et al.
2015]. It uses the fact that ribose methylation
renders the neighboring phosphodiester bond resistant to alkaline degradation. One of the
two promising candidates (SSU-G652) was attested by mass spectrography to carry an ad-
ditional methyl group and hence is supposed to be a further modification site. The second
candidate (LSU-G1142) did not reveal an additional mass in the light of mass spectography
but may be modified in a different way.
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According to the Modomics database [Machnicka et al. 2013], the RNA Modification Database
[Cantara et al. 2011], and publications by Maden [1986; 1996] and Ofengand & Bakin [1997],
human ribosomal RNAs comprises over 200 modification sites including ribose methylations,
various base methylations, pseudouridylations, and some hyper modified nucleotides. The
SSU RNA molecule was confirmed to contain 82 of these modification. 2’-O-methylations,
on the one hand, were discovered at 40 distinct sites including a sugar methylated pseu-
douridine, while on the other hand Ψs were detected at 37 positions. However, besides the
already mentioned sugar methylated pseudouridine, this rRNA also exhibits an extraordinary
1-methyl-3-(α-amino-α-carboxypropyl)pseudoruridine (m1acp3Ψ). The remaining modifica-
tions are not guided by snoRNAs since they contain base methylations and acetylations.
The human LSU RNAmolecule is verified to carry at least 125 distinct modification sites. This
comprises 63 ribose methylations and 58 pseudouridylations, including one ribose methylation
of an pseudouridine. Two 2’-O-methyladenosines are solely hypothetical (Am389, Am391)
since their particular modification site is not known to actually be modified, however, po-
tential snoRNA guides have already been experimentally discovered in the 1990s [Smith &
Steitz 1998, Kiss-La´szlo´ et al. 1996]. Again, the remaining modifications sites denote base
methylation and hence, are unlikely to be guided by snoRNAs. Human 5.8S rRNA molecule
comprises exactly four modifications: two pseudouridylations, one 2’-O-methylguanosine, and
one 2’-O-methyluridine.
Most known modified sites in human rRNAs (85 of 97 pseudouridines and 97 of 105 methy-
lations) correspond to at least one known snoRNA [Lestrade & Weber 2006].
It is apparent that eubacterial rRNAs contain fewer modifications than eukaryotic rRNAs,
and within Eukaryotes, fungal organisms contain fewer modifications than the more complex
metazoan species. Although there are less methyl groups in yeast than in vertebrates, some
nucleotides being unmethylated in vertebrates are methylated in yeast [Maden 1990].
Spliceosomal RNAs
Post-transcriptional modifications within spliceosomal RNAs have been studied a long time
ago for plants, the fruit fly and certain vertebrate species [Reddy & Busch 1988, Myslinski
et al. 1984], and more recently for lower eukaryotes like the slime mold Physarum polycephalum
and the fission and budding yeast, Schizosaccharomyces pombe and Saccharomyces cerevisiae,
respectively [Szkukalek et al. 1995, Gu et al. 1996, Massenet et al. 1999]. It is a noteworthy
fact that all detected modifications in snRNAs are confined in the 5’ moiety of the molecule
with the exception of U6 snRNA and, furthermore, the modification sites are preferentially
13
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Table 1.4. Modification sites in human
(Hsa), budding yeast (Sce), and fission
yeast (Spo) snRNAs. The sites were col-
lected from the various database and pub-
lications, for details see text.
Ψ CH3
rRNA
H
sa
S
ce
S
p
o
H
sa
S
ce
S
p
o
U1 2 2 1 3 0 0
U2 14 5 7 10 0 5
U4 3 0 0 4 0 0
U5 3 1 2 5 0 3
U6 3 0 2 8 0 4
U4atac 1 0 0 3 0 0
U6atac 1 0 0 0 0 0
U12 2 0 0 3 0 0
located in single-stranded regions. The most
detailed characterization of modification sites
in U1 - U6 was conducted in hepatoma cells
originating from rat liver [Mauritzen et al.
1970] and it seems that these modifications
are conserved in all snRNAs found in differ-
ent tissues of rodent and human [Reddy &
Busch 1988, Massenet et al. 1998]. U2 is the
only spliceosomal RNA where the necessity of
RNA modifications is shown by several inde-
pendent studies, whereas the question in which
extent the snRNA modifications are essential
for proper RNA function remains unanswered
for all other snRNA types.
U1 spliceosomal RNA. Metazoan U1 snRNA
is supposed to carry two Ψs at position 5 and 6
as well as three sugar methylations at position 1 (Am), 2 (Um), and 70 (Am). This pattern is
conserved in fruit fly, chicken, rat, and human. Both fungal species, S.pombe and S.cerevisiae,
solely contain Ψs at position 3 (S.pombe) and position 5 and 6 (S.cerevisiae), respectively.
The single Ψ in the fission yeast is clearly assignable to the conserved modification site at
position 5 in S.cerevisiae.
U2 spliceosomal RNA. Among all snRNAs, U2 spliceosomal RNA is the most abundant and
contains the most post-transcriptional modifications. But in contrast to any other snRNA,
these modifications are essential for U2 function in Xenopus oocytes [Pan & Prives 1989] and
HeLa cells [Se´gault et al. 1995]. More precisely, modifications within the first 27 nucleotides
of the snRNA were shown to be necessary for splicing and/or snRNP formation in Xeno-
pus [Yu et al. 1998]. It was also shown in Xenopus that Ψs in or close to the branch site
recognition region play important roles in the procedure of intron splicing [Zhao & Yu 2004].
In total, human U2 snRNA was found to contain 24 distinct modification sites including
14 pseudouridylations, 10 2’-O-methylations and one N6-methylation of a ribose methylated
adenosine, confer figure 1.4. These modification sites are quite differently supported by five
sources that annotate human U2 modifications: Do¨nmez et al. [2004], the snoRNA-LBME-db
[Lestrade & Weber 2006], the Modomics database [Machnicka et al. 2013], Massenet et al.
[1998], and Deryusheva et al. [2012]. Five methylations and one Ψ are reported in all five
publications, whereas two Ψs are just mentioned once and twice, respectively. The complete
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mapping of modification sites and their sources can be seen in figure 1.4. A total amount
of 26 modifications was already found in rat liver and brain cells back in the early 1980s
[Reddy et al. 1981, Branlant et al. 1982]. The vast majority of these modified sites align
perfectly with human modifications (23), two Ψs are uniquely detected in rat, and one 2’-O-
methylguanosine is shifted one position downstream with respect to its human counterpart.
It is apparent among other investigated organisms like Caenorhabditis elegans, the field bean
Vicia faba, Schizosaccharomyces pombe, and Saccharomyces cerevisiae, that the highest con-
servation of modified nucleotides is located in and around the branch site recognition region,
see figure 1.4. This vigorously implies and corroborates a crucial role for such modifications
in the splicing procedure as it has been previously described for Xenopus [Zhao & Yu 2004].
U4 spliceosomal RNA. Vertebrate U4 snRNA is known to contain three Ψs and four ribose
methylations. Four of these modifications are located in the leading 5’ single stranded region
at position 1 (Am), 2 (Gm), 4 (Ψ), and 8 (Cm), while the remaining sites are situated in
an internal loop ( Am and Ψ at positions 65 and 72 ) and a double stranded region ( Ψ at
position 79 ). Conserved modifications in D.melanogaster are located at position 1 and 65
(both Am), while the fruit fly U4 snRNA contains two Ψ in the 3’ region of the molecule.
Fungal U4 spliceosomal RNA is neither attested to carry methylation nor pseudouridylation
sites [Gu et al. 1996, Massenet et al. 1999]. However, the field bean contains three and one
ordinary Ψs and base methylation, respectively, and two exceptional 2’-O-methylations of
pseudouridine at position 5 and 11 [Kiss et al. 1988].
U5 spliceosomal RNA. The U5 snRNA was found to possess a highly conserved stem-loop
structure in the 5’ moiety of the molecule that is present in animals, plants, fungi, and ciliates.
Within the loop region there are four modification sites being present in nearly all analyzed
snRNAs, including three methylations (Gm, Um, Cm) and one pseudouridylation. A second
pseudouridylation located at the 3’ end of the loop is also highly conserved, though it is miss-
ing in fungi due to a U-to-C substitution at this position. For detailed information about the
consensus sequence, structure, and known modification patterns of this loop, please confer
figure 1.5. Both leading 5’ nucleotides of the molecule are methylated in animals and plants
with the exception of the pea Pisum sativum. This species carries an exceptional modified
nucleotide in the middle of the loop, a 2’-O-methyl-N6-methylpseudouridine (N6Ψm). How-
ever, this spliceosomal RNA carries a rather big amount of modifications where in particular
the Ψs show remarkable lineage or even species specific pattern.
U6 spliceosomal RNA. The vertebrate U6 spliceosomal RNA is also extraordinarily modified,
including eight methylations, three Ψs, one N6-methyladenosine, and one 2’-methylguanosine.
All of these modifications are located in stem II of U6s two-stem-loop secondary structure.
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Figure 1.5. U5 snRNA consensus structure with modification patterns. Fungal species in
the alignment were Schizosaccharomyces pombe, Saccharomyces cerevisiae, Aspergillus
fumigatus, and Fusarium oxysporum whereas Arabidopsis thaliana, Pisum sativum, and
Chlamydomonas reinhardtii were used as plants. The metazoan part of the alignment was
taken from Marz et al. [2008] and slightly modified. A generic legend for the secondary
structure can be seen in Figure 1.4
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In the field bean, the reported seven methylations and two Ψs map to the equivalent region
with modest variations regarding the particular modification site. The budding yeast is found
to neither contain pseudouridylation nor methylations, yet the fission yeast carries two Ψs
and four methylations, three of which map to the modified region in vertebrates whereas the
remaining site is located towards the 5’ end
snRNAs of the minor spliceosome. Minor spliceosomal RNAs were less frequently analyzed
and hence fewer data is available for U4atac, U6atac, and U12. In human, each of these
RNA molecules carries at least one pseudouridylation; Ψ12 in U4atac, Ψ83 in U6atac, and
Ψ19 and Ψ28 in U12 snRNA. 2’-O-methylations in U4atac were detected at position 1 (A),
2 (A), and 19 (G). An additional ribose methylation at position 8 (C) is still uncertain but
would coincide with an authentic 2’-O-methylcytidine at the exact position in the ordinary U4
snRNA. Human U12 spliceosomal RNA was attested to carry three methylations at position
8 (A), 18 (G), and 22 (G), see Massenet et al. [1998] and Deryusheva et al. [2012]. Since U12
type introns were lost at multiple occasions during evolution, minor spliceosomal RNAs seem
to be missing in Ascomycota species (including S.pombe and S.cerevisiae), the green algae
C.reinhardtii, or the nematode C.elegans [Bartschat & Samuelsson 2010].
Apparently, ribose methylations in spliceosomal RNAs were neither reported in the nematode
C.elegans nor in the budding yeast S.cerevisiae although the particular nucleotides are highly
conserved. But especially the budding yeast is an interesting organism where some extraor-
dinary evolutionary events can be detected. These discoveries are in sharp contrast to the
common conditions in other fungal organisms, e.g., the fission yeast, or plants and animals,
and are likely to be mutually dependent to one another. Besides missing methylation sites,
S.cerevisiae snRNAs are also confirmed to contain a dramatical decrease of pseudouridyla-
tions compared to S.pombe, and furthermore, two of these scarce modifications were found
to be achieved by a ncRNA independent mechanism which is a singularity in snRNA mod-
ifications in eukaryotic organisms [Massenet et al. 1999, Ma et al. 2003]. Solely one of the
known Ψs in yeast is attested to be guided by a snoRNA, whereas the exact mechanism is yet
to be discovered for the remaining modified sites. Another aspect is the strikingly increased
molecule length of snRNAs compared to fungi, plants, and animals. But most remarkably, all
theses observations regarding spliceosomal RNAs are accompanied with a detected massive
intron loss in the budding yeast [Mitrovich et al. 2010].
Small nucleolar RNAs
Interestingly, pseudouridine residues were also detected in at least four small nucleolar RNA
species, particularly in rodent U3 and U8 [Reddy & Busch 1988] as well as in yeast snR4 and
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snR8 [Wise et al. 1983]. Until now neither the formation nor the function of these modifica-
tions has been investigated in great detail. According to Wise et al., a ribose methylation is
also present in yeast snoRNA snR8.
1.2 The Universe
The very early universe is still a big mystery and subject to theoretical research rather than
a matter of experimental research in particle physics. More recent states describing the
structure formation such as stellar evolution and galaxy formation are quite detailed described
in the so-called big-bang theory, the prevailing scientific model of how our universe developed.
In analogy to the reconstruction of evolution of the universe, biological evolution tries to
identify the roots and developments of life on our planet. Both areas are limited to the
current point of view and experiments, designed to simulate evolution, in their formalization
about the past. In the following, concepts and algorithms are presented that help to shed
some light in the shadows of biological evolution.
1.2.1 Annotation of Homologies
Nature is a tinkerer instead of an inventor [Jacob 1977]. Evolution utilizes existing genomic
material in order to remodel new sequences rather than inventing them de novo. This for-
tunate circumstance favors computational sequence analyses where significant similarities
between sequences can be recognized in order to facilitate an information transfer about
structure and/or function from a known sequence onto a novel one. The decision whether
two sequences are similar is fundamentally related to string comparisons. The concept of
alignments, where two or more sequences are arranged to one another to see if there is a
relation between them, is crucial for evaluating similarities between sequences concerning
their biological evolution that may have accumulated insertions, deletions, and substitutions.
Therefore, different scoring schemes, e.g., simple methods with +1 for a match and -1 for
a mismatch or more sophisticated approaches using affine gap costs, reflect the biological
history in a different manner.
Sequence Alignments
The optimization problem for finding the best alignment is often solved by use of dynamic
programming algorithms since these algorithms are time-efficient and identify optimal so-
lutions. Depending on the implemented scoring scheme, the algorithm optimizes scores by
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maximizing similarities or minimizing differences between the two sequences. In either way,
the dynamic programming will use a forward recursion to fill a substitution matrix F whereas
the optimal solution is obtained by a backward recursion searching for one optimal path back-
wards through F . The historically oldest approach was described by Needleman & Wunsch
[1970] and computes an optimal global alignment given the sequences x and y with length n
and m, respectively.
Therein, the value Fi,j denotes the best alignment score between the subsequences x1 . . . xi
and y1 . . . yj. Based on the putative biological, chemical, or evolutionary background, the
scores can be adjusted individually. However, the score for a match smatch is often set to 1,
the mismatch score smismatch to -1 and insertions or deletions γ are commonly punished by
-2. By definition, the value in the right bottom cell, Fn,m, contains the optimal score for this
alignment. Thetraceback subsequently starts in Fn,m, goes backwards through the substitu-
tion matrix until F0,0 is reached and obtains one optimal alignment. During the traversal of
F , the alignment is built in reverse order, resulting in a gap for left or upward directions and
aligning both residues for left-upward steps. In case there a two equally good derivations, an
arbitrary choice is made which potential alignment is pursued.
Gotoh developed an affine gap cost model that differentiates between gap openings and gap
extensions to consider the evolution of sequences [Gotoh 1982]. Later on, this model was
corrected by Altschul & Erickson so as to retrieve all possible suboptimal alignments [Altschul
& Erickson 1986].
A much more common situation in bioinformatics than searching for an optimal global align-
ment between sequences is the optimization of a local alignment between subsequences of x
and y. An adaptation of the formerly introduced approach known as the Smith-Waterman
algorithm allows to search for local similarities such as highly conserved motifs within two
sequences [Smith & Waterman 1981]. Therefore, two modifications have to be incorporated.
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First, each field Fi,j in the matrix is allowed to take the value zero whenever all other case
lead to negative scores. Assigning the value zero to any field is equivalent to starting a new
local alignment. The second difference concerns the backtracking recursion. Obviously, the
best alignment can end anywhere within F instead of ending in the bottom right corner Fn,m
and hence the traceback starts at Fi,j providing the highest score. This traceback will end
when a cell with value 0 is reached.
Since both time and memory consumption scales linearly with sequence length, the Smith-
Waterman algorithm becomes inapplicable for genome-wide scans, e.g., in the human genome.
Therefore, several heuristics such as FASTA or BLAST were introduced.
Blast
Since its release by Altschul et al. in the first month of 1989 [Altschul et al. 1990], Blast
(basic local alignment search tool) has become one of the most widely used programs in
bioinformatics. It searches libraries or databases for statistically significant local similarities
in highly time-efficient but heuristical manner. By ignoring unconserved regions, and hence
minimizing the search space, Blast achieves a substantial speedup at the cost of sensitivity.
The algorithm uses three layers, known as seeding, extension, and evaluation, in order to seek
and sequentially refine potential high-scoring segment pairs (HSPs).
Seeding. Blast assumes that both sequences have short words, seeds, in common, and thus
splits the query sequence in subsequences of length w. Subsequently, the neighborhood con-
taining the original seed itself and all similar words within a certain threshold of score T
are used to sample the entire search space. All retrieved hits are used as alignment seeds
while all unconserved regions are ignored. A refinement to this approach is the two-hit algo-
rithm which regards only two word hits along the same dynamic programming diagonal and
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within a certain distance towards each other. This prevents Blast from extending meaning-
less and neighborless word hits since the extension of high-scoring word hits is the most time
consuming step.
Extension. During the extension step, the seed hits will be extended towards both ends in
order to generate local alignments of sufficient length. The variable X keeps track of the
extension history, more precisely, X represents how much the alignment score is allowed to
drop off since its last maximum. At this specific point the extension procedure is stopped
and the computed alignment is trimmed back to its maximum.
Evaluation. The Karlin-Altschul statistics comprises a framework to estimate the statistical
significance of HSP scores. Its aim is to distinguish between sequence similarities of the
query and database occurring due to biological relevance and those occurring by chance.
The foundation of these statistics is the scoring or substitution matrix, since their most
important property is its target frequencies and the expected frequencies of the individual
amino acid or nucleotide pairs. Assume an alphabet A = {a1, a2, . . . , ar} with probabilities
pi for each character ai with 1 ≤ i ≤ r. Let sij be the score for matching characters ai and
aj with 1 ≤ i, j ≤ r. Additionally, the Karlin-Altschul statistic makes two assumptions, by
predicating that at least one score should be positive and that the expected score per character
pair E =
∑
i,j pipj · sij has to be negative. Raw scores si,j, which appear in scoring matrices
and which are scaled and converted to integers, are inappropriate whereas normalized scores
represent a more useful measure. Thus, the scoring system needs a scaling factor, λ which
converts raw scores into normalized ones. λ is the unique positive solution of the following
equation:
n∑
i
i∑
j
pipj · e
λsij = 1. (1.1)
Once λ is calculated, it is used to calculate the expectation value of every HSP in the Blast
report. The formula
E(S ≥ x) = k ·mn · eλx (1.2)
estimates the probability of an HSP with score greater than or equal to x to occur by chance.
It is commonly referred to as e-Value. In database searches, the size of the search space m ·n
is simply the product of the query length m and the number of letters in the database n. The
constant k can be estimated by use of a rapidly converging series. Generally, it takes into
account that two alignment scores for alignments starting at different sequence positions may
be correlated. Nonetheless, its impact on the statistic of alignment score is merely marginal.
Since Blast can not effectively extend seeds close to the ends of the sequences, it is not
capable to examine the entire search space. Hence, the Karlin-Altschul statistic provides a
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way to calculate the minimal seed length which is needed to produce an alignment with a
significant e-Value. To take these edge effects into account when estimating the expectation
value, the expected HSP length will be subtracted from the actual length of the query and
the actual number of residues in the database. The effective query length, m′, and database
length , n′, can be calculated using the following two equations:
m′ = m−
ln (k ·mn)
H
, (1.3)
n′ = n−
ln (k ·mn)
H
. (1.4)
The relative entropy H of a scoring matrix conveniently summarizes the general behavior of
this scoring matrix and describes the average number of bits per position in an alignment.
Its estimation is similar to the expected score of a scoring matrix but is calculated from
normalized scores:
H = −
4∑
i=1
i∑
j=1
pipj · e
λsij · λsij . (1.5)
In this case 4 denotes the dimension of a scoring matrix for nucleic acids.
RNA Secondary Structure Prediction
In bioinformatics, secondary structure prediction of RNA molecules is a valuable strategy to
facilitate sequence-based homology search approaches in terms of assigning RNAs to a certain
ncRNA class or defining putative functions of unannotated RNAs. This is favored by the
fact that secondary structures are generally more conserved throughout evolution than their
underlying sequence [Eddy & Durbin 1994]. Due to the fact that the number of putative
secondary structures increases exponentially with sequence length, efficient algorithms are
essential to predict biologically reasonable RNA structures.
RNA molecules are single-stranded, and hence capable of folding back onto themselves which
means that they build internal interactions of complementary bases. Such interactions are
constrained in the following way: the pair (i, j) participates in a canonical base pair (G-C or
A-U) or the pair (i, j) participates in a Wobble base pair (G-U), the two pairs (i, j) and (k, l)
do not cross, i.e., i < k < j < l, and loops are not allowed to contain less than three bases,
i.e., (i, j) is a pair only if i+ 3 < j.
However, secondary structure prediction is a non-trivial problem in bioinformatics and there
are several distinct approaches.
One of the first algorithms was published by Nussinov et al. [1978]. It is based on the simplistic
assumption that the optimal and hence most stable structure is the one with the maximal
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number of base pairs. The runtime can be upper bound to O(n3) for a sequence of length n.
Since RNA folding kinetics is dictated by thermodynamics rather than by maximizing base
pairs, Zuker & Stiegler developed a more sophisticated algorithm following the assumption
that stable and correct structures are those with the lowest equilibrium free energy. Hence,
this approach is based on minimizing free energy [Zuker & Stiegler 1981]. Compared to the
Nussinov algorithm, stem energies are calculated using stacking energies between neighboring
base pairs instead of considering each base pair individually. In addition, the type and amount
of unpaired bases also contributes to the overall free energy. The complexity can be upper-
bound as the Nussinov algorithm with O(n2) in memory and O(n3) in time.
The implementation of such algorithms is usually solved by dynamic programming by splitting
the original problem into smaller sub-problems. In the scope of RNA secondary structure
prediction, the overall structure can be decomposed into different types of sub-structures,
which can be described as loops when seeing the RNA structure as a graph. A loop is therein
characterized by its length denoting the number of unpaired bases and its degree denoting
the number of basepairs delimiting the loop.
At the beginning, there are only two possible confirmations for the first nucleotide of a se-
quence: it is either paired or unpaired. In the first case the original problem is reduced by 1
and starts at the following nucleotide of the sequence. In the latter case, however, there has
to be a nucleotide that is paired with the first one decomposing the overall structure into a
sub-structure that is enclosed by the base pair and the sub-structure following this base pair.
A hairpin loop is a loop with degree 1 and a length of at least 3. Loops that have degree 2
are called interior loops. A stacked pair is a special case of an interior loop where the length
of the loop is zero. Bulges also belong to the interior loops, since they have length > zero,
but only one side shows unpaired bases. If at least three basepairs enclose a loop than it is
defined as a multi-loop structure.
The complete loop-decomposition can be seen in Figure 1.6. The matrices are initialized
with Fi,i = 0, Ci,i = ∞, Mi,i = ∞, and M
1
i,i = ∞ with 1 ≤ i ≤ n. The energy value for
the thermodynamically most stable structure can be found in entry Fn,1. The backtracking
algorithm starts in Fn,1 and obtains one structure with this minimum free energy by utilizing
the same recursions but in reverse order. The backtracking algorithm stops in the diagonal.
Albeit the fact that there are several other approaches for predicting a RNA secondary struc-
ture such as probabilistic models, several machine learning techniques, or procedures based
upon simulated annealing, the focus lies on the commonly used minimum free energy ap-
proach that is implemented in nowadays folding programs like RNAfold being part of the
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Figure 1.6. Loop decomposition of the RNA secondary structure. The picture is adapted
from Hofacker & Stadler [2007] and recursions according to Hofacker et al. [1994b]. The
arrays F,C,M and M1 contain the score for the whole structure, a single sub-structure,
a multi-loop structure composed by a single structure and a multi-loop, and a multi-loop
structure that is composed by a single structure and zero or more unpaired bases, respec-
tively. Hairpin H and interior loop I energies depend on the attending bases and are
tabulated.
Vienna RNA package [Hofacker et al. 1994b].
Sequence Structure Alignments
As mentioned previously, sequence-based approaches alone are often incapable of evaluating
homologies between structural conserved RNAs. The Sankoff algorithm provides a general
solution to the problem by simultaneously aligning and folding sequences [Sankoff 1985]. It
merges the local alignment algorithm of Smith-Waterman and the folding algorithm of Zuker.
However, in its full form the approach requires O(n3m) CPU time and O(n2n) memory for m
sequences of length n. Obviously, the method is infeasible for more than a few sequences of
more than 100nt in length. In order to cope with this fact, various current implementations
make use of different pragmatic limitations on the size and/or shape of substructures. An
efficient approximation of the Sankoff algorithm is introduced by LocARNA (local alignment
of RNAs) and its multiple alignment variant mLocARNA [Will et al. 2007]. The implemented
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method uses precomputed base pair probability matrices of the input sequences. These ma-
trices can efficiently be calculated by use of McCaskill’s algorithm [McCaskill 1990]. Addi-
tionally, LocARNA introduces local alignments and discards non-significant matrix entries.
However, secondary structures for short RNA molecules (length ≤ 200nt) can be predicted
based on experimentally measured thermodynamically parameters with convincing and real-
istic results. This is not the case for large RNAs such as ribosomal RNAs since the thermo-
dynamical prediction is insufficient and inaccurate and hence, the sequence structure align-
ments itself becomes inapplicable. To overcome this obstacle, RNAsalsa uses precomputed
high-quality sequence alignments and prior knowledge on the correct secondary structure of
one of the aligned sequences to constraint the set of acceptable structures [Stocsits et al.
2009].
RNAsalsa
In general, RNAsalsa utilizes the structure information to redefine the sequence alignment and
the sequence information to improve the consensus secondary structure. As input, RNAsalsa
uses an initial alignment A0 of a set {x0 . . . xN} of homologous RNA sequences and a known,
i.e., experimentally identified, secondary structure σ0 of a single sequence x0 that is part
of A0. Subsequently, σ0 is applied to diminish the overall structural constraints since only
basepairs are retained that are present in a sufficient number of sequences in A0
The following projection of σ onto each sequence in A0 produces initial structure constraints
σi for xi. That means that only canonical basepairs are retained that can be formed by xi.
In the following, RNAsalsa computes all pairwise alignments Aij of the input sequences xi
and xj . The minimum free energy structure of these pairwise alignments is then calculated
by means of RNAalifold [Bernhart et al. 2008] and the structure constraints σi and σj that
were generated beforehand.
A single secondary structure constraint τ i for sequence xi is computed as follows: the set of
pairwise consensus structures {τ ij |i 6= j} defines a set of plausible basepairs that are present
in at least one other input sequence and is utilized for a majority vote procedure to select
predominant non-crossing basepairs. This constraint is subsequently used to calculated the
secondary structure ψi of xi with RNAfold.
By means of a hierarchical progressive alignment with affine gap costs, RNAsalsa realigns the
sequence-structure pairs (xi, ψi). The scoring function incorporates the secondary structure
in a way that a modified scoring scheme is applied in structured regions while the pure nucleic
acid score is used in regions with missing structure information. The final result is a global
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re-alignment B of the input sequences with respect to all secondary structure information
obtained in the previous steps.
To calculate the final consensus structure of the alignment B, a greedy voting procedure is
applied such that basepairs that occur most often in the set of ψi are incorporated first while
conflicting basepairs are dismissed.
Since RNAsalsa provides an efficient tool that produces high-quality structure annotation and
structure-aware alignments of long RNA sequences it is sufficiently applicable to hundreds of
ribosomal RNAs.
Covariance Models
Covariance Models (CM) are profiles based on stochastic context-free grammars (SCFG). CMs
are fairly complex and detailed probabilistic models that use the tree-like SCFG architecture
to model RNA consensus secondary structures. There are two similar approaches developed
in the early 90s by Eddy & Durbin [1994] and Sakakibara et al. [1994].
To describe a multiple RNA alignment, several types of nonterminals are needed to generate
different types of secondary structure and sequence elements. These nonterminals, or nodes,
model either left or right single stranded nucleotides, basepairs, bifurcations, start sites, and
end points. In the final model they are connected in a tree that exactly mirrors the structure of
the RNA. Furthermore, the number of nonterminals scales roughly linearly with the alignment
length. The production rules for the different nodes are shown in equation 1.7, using W as a
generic nonterminal to represent any of the six nodes.
S → W start node
P → aWb pairwise node
L → aW leftwise node
R → Wb rightwise node
B → SS bifurcation node
E → ǫ end node
(1.7)
There are two distinct formalisms for a CM to emit the actual nucleotide symbols: either on
state (emit-on-state) or on transition (emit-on-transition). In the latter case, the pairwise
node has 16 emission probabilities representing the 16 different combinations of the four
canonical bases and the leftwise and rightwise nodes have four different emission probabilities.
In each node, the sum of all emission probabilities is exactly one.
In case of ungapped multiple alignments, the modelling would be straight forward, however,
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a CM is supposed to allow insertions and deletions of any length at any position in the
alignment. That is why the nodes expand to different states representing matches, insertions,
and deletions, e.g., a leftwise node modelling a single nucleotide in an unstructured region
expands to match, insert, or delete state whereas the basepair node expands to six different
states modelling all possible cases of insertions and deletions.
Figure 1.7. There are different states (small
boxes) in the nodes of a RNA structure tree
(large boxes). State transitions are indi-
cated as arrows. The picture is adapted from
Durbin et al. [1998].
States are then connected by state transi-
tions. These state transitions connect each
insert state in the current node and all non-
insert states in the following node. Insert
state are also connected to themselves to
allow more than one base insertion. A
transition model showing all possible nodes,
states, and transitions can be seen in Figure
1.7. The complete CM is a directed graph
of states, organized in accordance with the
underlying consensus tree.
Given a multiple alignment with annotated
consensus structure and a column-wise def-
inition of consensus or insert columns, the
CM is rapidly build. A simply heuristic
can be applied in cases where no consen-
sus column definition is available, saying
that columns with more than 50% gaps are
treated as insert columns. However, the un-
derlying parse tree is constructed in accor-
dance with the structure annotation in the
consensus columns. To estimate the sym-
bol emissions and state transition probabilities, emission and transition events are counted in
the parse tree. Furthermore, they are incorporated by a certain prior (mostly Dirichlet) to
apply a mean posterior estimation.
To search in a database of length L for subsequences that match a certain RNA model, a
constant D is introduced to limit the length of the aligned subsequences and hence, reduce
the memory and time requirements of the search algorithm. This leads to a transformation
of the dynamic programming matrix coordinate systems. The three-dimensional matrix is
indexed by v enumerating the states of the model, j indexing the current position in the
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database (1 ≤ j ≤ L), and d displaying the current position in the subsequence (1 ≤ d ≤ D
and d ≤ j). The key-steps of the recursion in the algorithm are shown in Figure 1.8, while
the reader is referred to Durbin et al. [1998, pp. 289f] for the complete equations.
Figure 1.8. The picture shows the major steps of the CYK database searching algorithm for
four different state types. Please note that only one level of the three-dimensional matrix is
shown. (a) Leftwise: The state of the current cell v is L. The value of the cell v (node vj,d
in the parsetree) depends on one or more cells y (node yj,d−1) to which state v is connected
to. When looking at the parsetree, the subtree rooted at node v for a subsequence of length
d that ends at position j is constructed by a single leftwise generated residue and a subtree
rooted at y. This subtree generates a subsequence of length d − 1 that ends at position j.
The calculations for rightwise emitting states (b) and pairwise states (c) are analogous.
(d) In case of a bifurcation state, the calculation depends on the best bifurcation points,
e.g., the cells y and z. The corrresponding node y roots a subtrees of length d− k ending
at position j − k and node z roots a subtree of length k ending at position j. Putative
other cells are shown in grey. The picture is taken from Durbin et al. [1998]
1.2.2 Reconstruction of Phylogenies
To infer the evolutionary relationship between a set of organisms, the ribosomal RNA of
the small subunit (18S rRNA) is a macromolecule of first choice. It combines all impor-
tant features that are necessary for a reliable prediction of the evolutionary history, i.e., it
is ubiquitary present and fulfills the exact same function in all organisms ranging from bac-
teria towards animals and it contains rapidly and slowly evolving regions that are useful for
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determining the evolution of closely and distantly related organisms, respectively. By means
of the ARB-silva database, reliable and high quality sequences can easily be obtained for a
great quantity of organisms.
RAxML
The program RAxML (Randomized A(x)ccelerated Maximum Likelihood) performs rapid max-
imum likelihood-based inference of large evolutionary trees [Stamatakis et al. 2005] and in-
corporates two distinct models for DNA sequence evolution. The algorithm behind RAxML
optimizes the likelihood of a starting tree that was either precomputed using a parsimony
approach or given by the user. The heuristic performs standard subtree rearrangements by
subsequently removing all possible subtrees from the current best tree and inserting them into
neighboring branches. This is done for all alternative trees within a lower and upper distance
of nodes. Instead of a global branch length optimization, RAxML performs a local one on the
three branches that are adjacent to the insertion point of the subtree. The program stores a
list of the best 20 trees obtained during one rearrangement step and performs a global branch
length optimization on these typologies only. In case one alternative topology improves the
likelihood, the best tree is updated. This rearrangement process is repeated until no better
topology is found.
1.3 Everything ... else
In recent years after the discovery of small nucleolar RNAs around 1990, research had mainly
focused on model organisms such as budding yeast and, of course, human. The main goal has
been to determine as many snoRNA genes as possible that are responsible for guiding the Ψs
and sugar methylations in rRNAs and snRNA which had been known for almost 30 years.
Since the first decade of the new millennium, however, a number of species have been analyzed
by molecular biologists for their RNAome resulting in experimentally verified snoRNA sets
in roundworms [Deng et al. 2006, Huang et al. 2007], fruit flies [Huang et al. 2005], silkworm
[Li et al. 2011], platypus [Schmitz et al. 2008], and chicken [Shao et al. 2009]. The field
of snoRNA research also opened itself toward fungi, plants, and Archaea including surveys
in the two pezizomycotes Neurospora crassa [Liu et al. 2009c] and Aspergillus fumigatus
[Jo¨chl et al. 2008], the fission yeast Schizosaccharomyces pombe [Li et al. 2005], the thale
cress Arabidopsis thaliana [Barneche et al. 2001, Qu et al. 2001] and the archaeon Sulfolobus
acidocaldarius [Omer et al. 2000].
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Experimental and Computational Identification of snoRNA Genes
Small nucleolar RNAs can be retrieved experimentally by wet lab intensive experimental
methods of RNA identification, e.g., the construction of cDNA libraries out of ACA-anchored
extracted RNAs [Gu et al. 2005]. Current methods for high throughput sequencing offer
the opportunity to investigate the entire transcriptome of species. The DARIO web service
[Fasold et al. 2011] provides a tool to computationally identify specific ncRNA families in
transcriptome deep sequencing data. For example, the software applies comparative and
statistical learning methods to classify ncRNAs as putative snoRNAs. DARIO is an effective
approach to predict snoRNAs out of small-RNAseq data in animals, since it holds reference
genomes for human, roundworms and fruit fly.
The standard procedure for snoRNA annotation is the combination of experimental RNA
identification methods, like cDNA library construction and NGS methods, with computational
identification/classification of the resulting ncRNA candidates. As snoRNAs are characterized
by diverse sequence features and structural components their computational classification is
a tedious task. In almost all cases, this is approached by statistical learning methods.
The computational annotation of non-coding RNA genes in genomic DNA is a major task
in every genome project. SnoRNAs can either be found by homology search or de novo
prediction. During the evolution of snoRNAs, selective pressure mainly acts on retaining the
function than on preserving their primary sequence. Since ASEs and specific sequence motifs
represent not even the half of the snoRNA molecule, the remaining sequence is free to evolve
as long as the secondary structure is conserved. Consequently, even homologous snoRNAs
show comparably high variation in most parts of their sequence. Homology of snoRNAs
must, therefore, be inferred on sequence level and/or on the basis of equal functionality,
i.e., conserved target region. Although target binding site and characteristic box motifs are
fairly conserved, the variable segments make the computational annotation of snoRNA family
members a challenging task. Usually, homologous genes are searched on sequence level by
means of local pairwise alignment methods, e.g., Blast [Altschul et al. 1990]. Due to the
substantial sequence variation, the application of such tools alone may fail and hence, the
application of enhanced search methods becomes inevitable. This includes the optimized,
scanning variant of Gotoh’s semi-global alignment algorithm which is implemented in the
program GotohScan [Hertel et al. 2009] and/or the use of sequence and structure based
covariance models as they are implemented in the Infernal package [Nawrocki & Eddy
2013].
A precise annotation of boxes, ASEs and secondary structure predictions as well as the in-
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corporation of target site information substantially improves the reliability of snoRNA gene
predictions. Overlooking evolutionarily old time scales snoRNA genes, e.g., from fungi and
animals, may not be recognizable as homologs anymore. However, a relationship between such
snoRNA families can be resolved by evaluating the conservation of the interaction with their
targets. Additional information on the conservation of their host gene may further indicate
an ancient relationship.
For de novo annotation of snoRNA genes, information on secondary structure in combination
with the conserved box motifs is used to characterize snoRNAs. Then, methods of compu-
tational learning are used to identify potential snoRNA sequences. There are a handful of
computational tools available that evaluate snoRNA candidates in genomic sequence. The
snoScan (C/D) [Lowe & Eddy 1999] and snoGPS (H/ACA) [Schattner et al. 2004] programs
are originally trained to detect novel snoRNAs in yeast while the snoSeeker (H/ACA and
C/D) [Yang et al. 2006] software is used to screen the human genome for potential snoRNAs.
All three implement probabilistic models and can incorporate information on modification
sites in respective target RNAs. Although target association can improve the accuracy of the
prediction, the functional annotation requires information on target RNA, modified positions
and their conservation, which is often not available for newly sequenced genomes. Another
program called snoReport [Hertel et al. 2008] implements a Support Vector Machine (SVM)
and does not rely on target information. It is able to classify short RNA sequences as box
C/D snoRNA or box H/ACA snoRNA and to scan complete genomes for novel snoRNA can-
didates. Since no target information is required, snoRNAs with and without an associated
target (orphan snoRNAs) can be detected.
The interaction of a snoRNA with its target RNA is based on duplex-formation at the ASEs
of the two RNA strands. Although box H/ACA snoRNA exhibit a quite complicated target
binding procedure, there is a target prediction program called RNAsnoop [Tafer et al. 2010]. It
implements a dynamic programming algorithms to compute the thermodynamically optimal
interaction of the snoRNA and a putative target RNA. The comparable approach of RNAplex
for the binding of box C/D snoRNAs and their targets is part of this thesis and is discussed
in a subsequent chapter.
snoRNA Databases
There are several databases paying tribute to the extensive research in the field of snoRNA
analyses and detection during the last decade. One of the first databases is the Budding
yeast snoRNA database [Samarsky & Fournier 1999, Piekna-Przybylska et al. 2007] that hosts
snoRNA genes and target information and other useful data for snoRNAs in S.cerevisiae. It
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has last been updated in 2006. The Plant snoRNA database has been created by Brown
et al. [2003]. Its focus lies on the thale cress A.thaliana but also holds a few sequences from
other plants. Sequences are available through GenBank accession numbers while alignments
are available only as images. RNAdb [Pang et al. 2005; 2007] provides a collection of ncRNAs
in mammalian genomes. It retired in 2012. The snoRNA-LBME-db [Lestrade & Weber 2006]
stores human and yeast snoRNA sequences, a mapping between the two species w.r.t. similar
snoRNA targets and sequences as well as conservation information in other animals. While
the sequences can be extracted as text, modification sites and multiple sequence alignments
are only available as images. Many snoRNAs found in Archaea, plants, and animals can be
viewed in the Sno/scaRNA base [Xie et al. 2007]. The deepBase [Yang et al. 2010] database
allows for the annotation and mining of deep sequencing data, including the mapping and
computational prediction of snoRNAs. A further database that provides information on
snoRNAs and corresponding target information is the snoRNP database [Ellis et al. 2010].
Beyond snoRNA sequences from Archaea and Eukarya it also lists snoRNAs in the two bac-
teria genomes of E.coli and T.yellowstonii. In truth, Bacteria do not encode snoRNAs in
their genome: the rRNA modifications in Bacteria rely on numerous site-specific modifica-
tion enzymes [Lafontaine & Tollervey 1998]. The snoOPY database [Yoshihama et al. 2013]
is another approach to collect information about snoRNAs and their orthology. It contains
sequences of animal and plant snoRNAs and attempts to provide more information like gene
loci, putative targets, or box motifs. Last but not least, I want to mention the Rfam database
[Griffiths-Jones et al. 2003, Nawrocki et al. 2015]. It is the only frequently updated database
that holds not only sequences, but also secondary structures, multiple sequence alignments
and literature references of many ncRNA classes. All data is easily accessible via batch or
individual download. Recently, the concept of an RNA clan has been incorporated into the
Rfam database. These clans describe the relationship between RNA families that either clearly
share a common ancestor but are too divergent to be reasonably aligned or groups of families
that could be aligned, but have clearly distinct functions and therefore should be kept as
separate families [Gardner et al. 2011]. This suits the snoRNA phenomenon perfectly well.
On the one hand, there are redundant guides that share the same target and changeover
events of the snoRNA guide for a single modification [Kehr et al. 2014]. Such snoRNAs can
be summarized to clans while they still belong to separate families. For some snoRNAs this
has already been done in the Rfam database.
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Tissue Specificity and Cancer Research
First thoughts about a potential tissue specificity of snoRNA expression was revealed by
Cavaille´ et al. [2000] with their report about brain-specific snoRNAs. Later, it was shown
that many snoRNA genes exhibit quite distinctive expression rates in different tissues [Castle
et al. 2010]. There is also evidence for a unique behaviour of box C/D and box H/ACA
snoRNAs since the greater part of the first group has the highest expression in spleen and
hypothalamus whereas a considerable fraction of the latter group shows expression peaks in
testes.
In Drosophila, it was shown that seven of eight U snoRNA host genes (Uhg) show oscillatory
expression in a circadian manner [Hughes et al. 2012]. These Uhgs are normally degraded
after splicing while the introns are further processed into snoRNAs. Their peak expression
occurred in the light phase and appears to be driven by light. Strikingly, no other host genes
and no other component of the snoRNA machinery shows rhythmic expression profiles.
However, in what extent the difference of snoRNA expression profiles is manifested in a differ-
ent rRNA modification pattern remains elusive since no experiments focusing on distinctive
rRNA modification pattern with respect to different tissues, stress levels, or daytimes have
been carried out so far.
The exhibition of different modification pattern would be another layer of evidence for a
so called ’ribosomal code’ which was, in analogy to the DNA code, introduced by Xue &
Barna [2012]. In this interesting review, the authors discuss various mechanisms to provide a
regulatory activity to ribosomes. They point, for example, at the role of paralogous copies of
ribosomal proteins. These paralogs might even show opposite expression patterns and hence,
ribosomes are thought to incorporate different ribosomal protein paralogs at different stages
during development or at different stress levels.
Research in the field of snoRNAs and its relation towards cancer indicated important roles of
snoRNA genes in cell fate and tumorigenesis in recent years. In this scope, snoRNAs have been
found to play diverse roles, either as tumor suppressors, biomarkers, or potential oncogenes.
The human box H/ACA snoRNA SNORA42 is highly associated with non-small-cell-lung
carcinoma in a way that the repression of this snoRNA gene resulted in a marked decrease
of cell growth both in vitro and in vivo, while the forced expression lead to increased cell
growth and colony formation [Mei et al. 2012]. Findings by Xu et al. [2014], on the contrary,
revealed a strong ability of the box C/D snoRNA SNORD113-1 to inhibit cell growth and
proliferation in human hepatocellular carcinoma. In general, the expression of dozens of
snoRNA genes is deregulated in tumor tissues. In many cases of leukemia, prostate cancer,
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and peripheral T-cellular lymphomas snoRNA genes are downregulated [Valleron et al. 2012a;
b, Martens-Uzunova et al. 2012] while in testicular germ cell tumors snoRNA expression is
often upregulated [Cheung et al. 2010].
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snoStrip: A snoRNAome
Recipe for Success
“ There is a theory which states that if ever anyone discovers exactly whatthe Universe is for and why it is here, it will instantly disappear and be
replaced by something even more bizarre and inexplicable.
There is another theory which states that this has already happened.
”
Douglas Adams, The Restaurant at the End of the Universe, 1980
The main part of this chapter will focus on the homology-based snoRNA prediction pipeline
snoStrip [Bartschat et al. 2014]. The general search procedure and subsequent filter mech-
anisms to exclude possible false positives will be explicitly introduced. The novel snoStrip
pipeline is also compared to several de novo snoRNA prediction programs and the snoStrip
detected snoRNAs are evaluated with respect to experimentally verified snoRNAs in different
fungal species.
A variety of computational tools has been devised to identify snoRNAs de novo in searches
of genomic DNA, see e.g., Hertel et al. [2008] and Yang et al. [2006]. Homologous snoR-
NAs are often hard to find due to their small size, poor sequence conservation, and – in the
case of box C/D snoRNAs – lack of a conserved secondary structure. So far no specific tool
for homology-based snoRNA annotation has been published. At the same time, the Rfam
database covers only a subset of the known snoRNAs and many of the seed alignments con-
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tain only very few sequences (70% of the snoRNA alignments contain less than 16 sequences).
Available snoRNA specific databases, on the other hand, mainly focus on single organisms,
e.g., snoRNA-LBME-db on human, the UMass-database on the budding yeast Saccharomyces
cerevisiae, and the Plant snoRNA Database on the thale cress Arabidopsis thaliana.
Lacking overall sequence conservation and structural elements combined with characteris-
tic sequence motifs makes it hard to detect snoRNAs by means of sequence homology, i.e.,
NCBI-blast, only.
Although small nucleolar RNAs form an important class of non-coding RNAs no compre-
hensive and large-scale annotation efforts have been undertaken so far, presumably because
the task is complicated by both the large number of distinct snoRNA families and their rel-
atively rapid pace of sequence evolution. With snoStrip an automatic annotation pipeline
was developed specifically for comparative genomics of snoRNAs. It makes use of sequence
conservation, canonical box motifs, as well as secondary structure and target prediction. Fur-
thermore, the pipeline is either applicable to a single genome with the aim to search for one
or more snoRNA homologs, or to a set of snoRNAs in pursuance of a possible evolutionary
conservation.
When snoStrip was initially developed, it focused on deuterostomian snoRNAs only. This
resulted in two extensive surveys covering many important aspects of snoRNAs, e.g., the
complex evolutionary history in deuterostomes as well as the resulting coevolution of snoRNAs
and their target RNAs, see Bartschat [2011] and Kehr et al. [2014]. Later on, the pipeline was
adapted such that it is able to deal with different snoRNA query sets originating from different
kingdoms of life. This modification became necessary since different clades of eukaryotes
show quite diverse evolutionary adaptations with respect to their snoRNAs. For publication
purposes, a snoStrip-based web service was developed that was specifically designed for fungi
because of its small and medium sized genomes. However, a download version of snoStrip
that is applicable to plants, animals, and fungi is also available. With respect to the snoStrip
publication, the preliminary snoStrip output and the testing results that will be discussed
here, will solely focus on fungi. Detailed information about Metazoa and Fungi can be found
in the respective chapters later on.
2.1 snoStrip Workflow
The snoStrip pipeline applies a homology-based search procedure with subsequent quality
verification and property extraction to automatically detect homologous snoRNAs in related
species. Because of the ability to run the pipeline on a large amount of genomes and different
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snoRNA families, snoStrip is able to display the evolutionary history of such families and
to detect evolutionary events such as deletions or rearrangements. A conceptional scheme
of snoStrip is illustrated in Figure 2.1. In principal, the snoStrip pipeline embraces five
distinct parts:
(1) homology-based search procedure to cumulate potential snoRNA candidates
(2) differentiation between true and false positives based on both box motif conservation
and putative target sites
(3) property extraction covering secondary structure prediction and target prediction
(4) computation of family-wide alignments
(5) an optional post-processing validation check.
The snoStrip pipeline can either be run with single or multiple query families, each of
which may contain one or more query sequences. The multifarious outputs of the pipeline
cover characteristic snoRNA properties, such as secondary structures, box motifs, and target
predictions, along with snoRNA family alignments, structures of snoRNA-targetRNA inter-
actions, and pictures of interaction conservation. SnoRNA specific sequence information will
be additionally stored in a separated database, called snoBoard.
Step 1 - Homology search.
The snoStrip pipeline utilizes a collection of known snoRNA genes {s1, s2, . . . , sn} of a given
family S as query sequences to identify novel, homologous snoRNA candidates in a user-
defined set of organisms O. In a first homology search, Blast [Altschul et al. 1990] is applied
to identify potential snoRNA candidates in the genome that is currently analyzed. Due to
the specific snoRNA properties with two or four short box motifs and only slightly longer
target binding sites, Blast is employed with relaxed parameters to cope with these rather
variable RNA molecules. Therein, the word size is decreased to W = 8, the e-Value is set
to 10−3, and the penalties for mismatch, gap opening, and gap extensions are reduced with
respect to their default values (q = −1, G = 2, and E = 1, respectively). In case this method
is incapable of detecting potential homologs, Infernal [Nawrocki et al. 2009] is subsequently
applied. Therein, cmbuild generates a covariance model of all snoRNA sequences currently
assigned to the investigated family S. With this model cmsearch tries to detect putative
snoRNA homologs. An Infernal-derived candidate for a genome of length N is accepted if
its bitscore exceeds log2(2N) and the e-Value is below 0.1 .
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Figure 2.1. Scheme of the snoStrip pipeline that is separated into five different steps. In the
beginning, Blast and Infernal are used to retrieve putative snoRNA sequences which will
be analyzed with respect to canonical box motifs and putative target sites. Furthermore,
general and snoRNA-specific properties are derived such as secondary structure and pu-
tative targets. In the end, MUSCLE generates alignments for each snoRNA family and the
optional verification step searches for potential false positives. The underlying database
storing all retrieved information is called snoBoard.
Step 2 - Box filtering and target site extraction.
Short conserved box motifs are characteristic for bona fide snoRNAs. Weblogos of canonical
boxes are shown in Figure 2.2 for motifs C, D, H, and ACA, respectively. However, several
specific nucleotides, target motifs, and structural components have to be present to ensure
functionality. The filter mechanism to identify conserved box motifs is based on sequence
alignments and position weight matrices (PWM).
For the purpose of identifying possible box motifs, MUSCLE [Edgar 2004] calculates an align-
ment of the novel candidate snew with its particular query-sequence(s). In case snew was
found by Blast, a pairwise alignment containing snew and its respective query squery ∈ S is
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computed, whereas all sequences in S are aligned with snew if the novel candidate was found
by Infernal. The alignment calculation is computed only once per novel candidate, but the
motif extraction is applied separately to each individual box motif. The search procedure to
identify boxes is illustrated in Figure 2.2.
For a Blast-derived candidate snew, the sequence motifs that are aligned to the known box
motifs of squery are analyzed with respect to their functionality, i.e., the presence of several
essential nucleotides is analyzed and the formation of a kink-turn structure between box C and
D is evaluated (see the following paragraph about box constraints), cf. Figure 2.2(A). In cases
where a potential box motif can not be detected appropriately, snew is additionally aligned to
all query sequences in S. The following box motif extraction procedure is equivalent to the
procedure that is applied for an Infernal-derived candidate, see Figure 2.2(B). In a first step,
snoStrip checks whether the start points of the box motifs of s1, . . . , sn are conserved within
the alignment, retrieving a minimal and a maximal start position startmin and startmax,
respectively. In case of a parity between both values, the corresponding box motif of snew is
extracted and penalized with respect to essential and variable nucleotides within the current
box type (described later), see hypothetical box motifs D’ and D in section (B) in Figure
2.2. In case there is a difference between startmin and startmax or the extracted sequence
motif does not fulfill the requirements for functional box motifs, a sliding window approach
is utilized, section (C). Thereby, the window starts at positions startmin − 3 and comprises
a length of startmax − startmin + 6 + boxlength nucleotides. Each gap character contained
within this search window will extend the window by shifting both ends alternately. A PWM
is created from the current box motifs of s1, . . . , sn. All sequence motifs of length boxlength
within the search window are scored with this PWM and penalized in accordance to the box
type-specific requirements. The box assigned the best score and the fewest mutations with
respect to its functionality will be denoted as the putative conserved box motif. A candidate
snew without canonical box motifs is discarded from further snoRNA-specific analyses but
kept to be investigated manually.
However, the latter approach bears the risk to include falsely annotated box motifs in the
snoRNA set. Especially in families with a huge amount of snoRNA genes, slightly conserved
box motifs often do not align properly and hence, the search window might cover a large
fraction of the candidate including more than one potential box motif.
Box constraints. In case of box C/D snoRNAs, snoStrip accepts one mutation in each
terminal box motif. However, several publications indicate that these mutations do not arise
randomly and that particular nucleotides have to be present in order to ensure functionality;
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Figure 2.2. The snoStrip procedure to extract type-specific box motifs is shown. A novel
candidate is either aligned with its Blast-query sequence or with all snoRNAs of family S.
In the former case, motifs aligned to the known boxes of Squery are extracted and checked
to be canonical. In case Infernal was used, Snew is aligned to the whole family and boxes
are either extracted directly or by means of a sliding window approach. For details see
text.
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Figure 2.3. Canonical Kink-turn secondary structure motif of box C/D snoRNAs. Stem I
is colored in red while stem II and both sheared GA base pairs are shown in blue. The
protruding nucleotide is colored green. (a) The conservation of Watson-Crick base pairs
varies between each of the three pairs. (b) The nucleotide conservation of the internal
bulge shows that a purine mostly occupies position 2 and a T is favored in the third
position. Solely the first position is almost unconstrained. (c) Both GA pairs and the U-U
dinucleotide indicate an importance in the snoRNP assembly. In stem II merely base pair
1 seems to be conserved. In summary, 161 experimentally detected box C/D snoRNAs of
five different fungi were compiled in this analysis.
both sheared G•A dinucleotides in box C (RUGAUGA) and box D (CUGA) are essential
[Watkins et al. 2000], the 5’ uridine of box D is also indispensable [Cahill et al. 2002], and
at least one of both paired uridines (RUGAUGA and CUGA) has to be present. Several
surveys indicate the importance of an impeccable structure of the Kink-turn motif which is
formed by box C and D [Watkins et al. 2002, Xia et al. 1997]. Therein, especially stem II of
the Kink-turn is required to contain the U-U pair (formed by box C and D) and two Watson-
Crick base-pairs. Since the analysis of 161 experimentally detected box C/D snoRNAs (see
Figure 2.3) revealed that over 96% of these sequences possess such an U-U base pair and all
of them develop the first Watson-Crick pair, but solely 68% form the second one, this second
Watson-Crick pair is declared to be arbitrary. Since prime box motifs are quite more diverged
and still maintain functionality, box motifs with one or two mutations are accepted [Cahill
et al. 2002, Kiss-La´szlo´ et al. 1998].
In case of box H/ACA snoRNAs, both box motifs are inherently more variable. Merely the
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adenine residues (ANANNA and ACA) seem to underlie a certain evolutionary pressure.
Nevertheless, not every single adenine has to be present since they amplify their binding
affinity towards the protein core-trimer [Normand et al. 2006]. In order to cope with this
circumstance, one mutated adenine in each box motif was allowed. The ACA motif is also
known to be slightly variable in its middle position. Hence, instead of a mutated adenine,
motifs like AUA and AAA are further accepted.
Target site identification. Similar to the detection of conserved box motifs, position
weight matrices are applied to search for snoRNA-family specific target sites in snew.
Candidate anti sense elements (ASE) of box C/D snoRNAs are between 9-20nts in length
and always located immediately upstream of box D and/or D’. To gain the best fitting PWM
size, the window size leading to the best ratio of false positive and false negative target site
predictions was searched. Therefore, all snoStrip detected snoRNA candidates with their
family specific target site PWMs was scored, ranging from PWMs of length 9 to PWMs of
length 20. The same PWMs were subsequently used to score random snoRNA like sequences.
These random sequences were generated from snoStrip detected candidates where boxmotifs
were anchored and the remaining nucleotides were shuﬄed. The best discrimination between
random data and snoStrip detected putative snoRNAs is retrieved by PWMs covering a target
site of length 13 and their trailing D and/or D’ box motif and a cutoff value of 0.7, see Figure
2.4. Position weight matrices of at least 14nts in length cause significantly decreased target
site scores in families with shorter ASEs, whereas PWMs with less than 13nts in length tend
to overrepresent random snoRNA-like sequences.
The start positions of box D, and in case of existence D’, will be determined and a window
of size 13nts directly in front of these boxes will be used as target region, i.e., PWMs of that
length will be generated for both target regions. Subsequently, each PWM is used to score
each 13mer of the candidate sequence. In case snew possesses a subsequence providing a score
of at least 0.7, it will be assumed to be the homologous, conserved target site.
Sequences providing both convenient box motifs and putative target sites are interpreted as
true homologs and included in the database. The remaining sequences are stored for manual
inspection.
Step 3 - Property extraction.
A crucial aspect of snoRNAs is their type-specific secondary structure. In order to predict
the canonical structure of a snoRNA candidate, snoStrip utilizes the program RNAsubopt
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Figure 2.4. Score distribution of target site position weight matrices of length 13nts applied
on a set of snoStrip retrieved snoRNA candidates and a set of random snoRNA-like
sequences.
[Wuchty et al. 1999] of the Vienna RNA package. Therein, all suboptimal foldings within
a certain energy-range are reported. Furthermore, each putative snoRNA is analyzed with
folding constraints according to their detected box motifs and snoRNA type, such that box
C/D snoRNAs are forced to contain an internal loop embraced by box C and D, while box
H/ACA snoRNAs are prohibited to form base pairs in their hinge and tail region, respectively.
Once the sorted output is retrieved, snoStrip iteratively searches for the first appropriate
secondary structure. Thereby, additional criteria have to be considered. Box C/D snoRNAs,
on the one hand, are not allowed to comprise more than one unpaired base within their
stem. On the other hand, box H/ACA snoRNAs are required to provide distinct hairpins. In
case RNAsubopt fails to predict any structure that fulfills the given constraints the snoRNA
structure is denoted as atypical.
In accordance with Kishore et al. [2013], appropriately folded box C/D sequences and snoR-
NAs without detectable secondary structure are truncated five nucleotides upstream of box C
and downstream of box D. Box H/ACA snoRNAs, on the contrary, are assumed to terminate
3nt after their ACA box.
For every novel snoRNA sequence a target prediction is performed. Depending on the snoRNA
type, RNAsnoop [Tafer et al. 2010] or PLEXY [Kehr et al. 2011] are applied for box H/ACA or
box C/D snoRNAs, respectively. The internal structure of the target RNA determines the ac-
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cessibility of a prospective binding region, thus has a large influence on thermodynamics and
kinetics of hybridization. These effects can be captured at the level of secondary structures
by modified RNA folding algorithms such as RNAup [Mu¨ckstein et al. 2006] or intaRNA [Busch
et al. 2008]. These programs compute the probability p that a certain sequence interval is
unpaired, and hence provide the energy −RN ln p necessary to make the interaction site avail-
able for binding. RNAup is used to determine the opening energies for intervals of up to 30nt
for all rRNAs and snRNAs contained in the target dataset. Incorporating such accessibility
information into RNAsnoop from Vienna RNA package fairly improved the target prediction.
Box H/ACA snoRNAs are divided into their hairpin component and each hairpin is separately
passed to RNAsnoop along with the target RNA sequences of the current organism. Box C/D
snoRNAs are passed to PLEXY, which extracts both antisense elements on behalf of the box
annotations and searches for complementary sequence stretches in the provided target RNAs.
In contrast to pseudouridines, accessibility around methylated residues does not significantly
differ from overall nucleotide accessibility. Thus, no internal structure is considered for box
C/D snoRNA target prediction. Finally, all single sequence predictions are mapped to the
positions in the target RNA alignments. In this way a subsequent analysis of conservation of
the fungi snoRNA function is enabled.
Step 4 - Family-wide alignments.
At last, when snoStrip succeeded in analyzing a whole family of snoRNA sequences among
a user-defined variety of species, MUSCLE is utilized to produce multiple alignments of all
snoRNA sequences within this family.
Step 5 - Post-processing Verification Step.
With the aim to verify the snoRNA candidates as true snoRNA genes and to exclude as
many putative false positives as possible, an optional post-processing validation step was
developed. Each snoRNA family has at least one original, experimentally validated query
sequence that has been taken from published data (see appendix for further information). The
snoStrip-detected snoRNA candidates are individually compared with such family specific
query sequences to analyze how well they fit into the snoRNA family. Due to structural and
functional differences between both snoRNA types, two individual approaches are applied.
For box C/D snoRNAs, the verification procedure mainly focuses on the preservation of type-
specific box motifs and the family-specific anti sense binding sites. Therefore, an alignment-
based approach that overrepresents highly conserved sequence regions is applied. An addi-
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tional conservation of secondary structure elements is neglected since this type of snoRNA
shows nearly no such characteristics. In case of box H/ACA snoRNAs, on the contrary, the al-
gorithm focuses on a conservation of the distinct type specific secondary structure. By means
of RNAz [Washietl & Hofacker 2007], the classification probability of an alignment containing
the original query sequences and the snoStrip-detected candidate is computed. Because of
its bipartite anti sense binding site and hence rather short conserved sequence stretches, an
analysis of the conservation of these motifs would not improve the results.
For box C/D snoRNAs, each putative snoRNA is individually added to its corresponding
initial family sequences and an alignment score is calculated to classify the quality of the
candidate. The alignment score is computed as follows. Each column of the MUSCLE-generated
alignment provides an information content that is based on the column specific Shannon
entropy. In this term the Shannon entropy calculates for each column j of the alignment the
uncertainty of a random variable X with discrete outcomes x1 . . . xk and probabilities p(xi)
[Shannon 1948]:
Hj(X) = −
k∑
i=1
p(xi) log p(xi). (2.1)
The logarithm base is set to 2 in which case the entropy is measured in ‘bits’. Information
can be equated with a difference of entropy since the knowledge of a specific outcome reduces
the entropy. More precisely, information content is a measure of the reduction of entropy
after a ‘message’ is received [Durbin et al. 1998, pp. 307f]:
Ij(X) = H
before
j −H
after
j . (2.2)
To measure the degree of conservation at a specific position j within a sequence alignment,
Hbeforej is computed with respect to the expected nucleotide background distribution, in this
case it is an uniform distribution of all four canonical bases, while Hafterj is calculated by use
of the concrete observed nucleotide frequencies in this particular alignment position. Since
target anti sense region are normally continuous, a special gap penalty is introduced:
Ij(X) = (H
before
j −H
after
j ) ∗ (1−
√
p(xgap)). (2.3)
Columns with an information content greater than 1.6 bits are multiplied with their prede-
cessor column in order to favor highly conserved regions within the alignment.
Ij =
{
Ij−1 ∗ Ij, if Ij > 1.6 and Ij−1 > 1.6
Ij , otherwise.
(2.4)
In the end, the overall alignment score is the mean of each column information content since
the mean is more sensitive to outliers, and thus also accentuates highly conserved stretches.
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(a) snoRNA families with one original query sequence
(b) snoRNA families with multiple original query sequences
Figure 2.5. Discrimination between snoStrip detected snoRNA candidates and random se-
quences. Alignment scores and target interactions are calculated as described above. Se-
quences without detected target interaction because of a missing target RNA are set to
’1’, otherwise the interaction energy is ’0’. (a) SnoRNA families with exactly one query
sequence. (b) SnoRNA families with at least two initial query sequences.
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Random sequences for each family were generated to compare these scores. These sequences
preserved their C and D boxes ( including nucleotide sequence and overall position), while
all other nucleotides are shuﬄed. A second random set includes randomly chosen snoStrip-
detected snoRNA candidates that do not belong to the current snoRNA family. All random
sequences were as well individually aligned to the original query sequences and the alignment
score was calculated. Since the change in the alignment scores between families with one
query sequence and two or more query sequences varies considerably, two different cutoff
thresholds are set. For single sequence families (families with one initial query snoRNA) a
mean alignment score of 12.6 is utilized, while for families with at least two query snoRNAs
a mean alignment score threshold of 5 is applied, cf. Figure 2.5.
A partially conserved snoRNA gene is solely one aspect of a theoretically functional snoRNA.
With PLEXY , which is explained in detail in the subsequent chapter, each potential snoRNA
gene in the candidate set and the sequences from the random set are analyzed with respect
to their binding capability with the specific target site that is assigned to the current family.
Within this approach, the algorithm is not interested in the particular minimum free interac-
tion energy as long as the specific target interaction itself is predictable. Potential snoRNA
genes with a missing target RNA, which is often the ribosomal RNA of the large subunit,
obviously lack the interaction information and hence are solely analyzed with respect to their
alignment scores.
It is apparent that most of the low-scoring snoRNAs in the multi-query families are assigned
to families that either comprise ’C-to-U’ mutations, leading to a wobble base pair in the
final target interaction, or compensatory mutations retaining the Watson-Crick base pair-
ing. Nevertheless, such mutations clearly disrupt the conserved anti sense binding site and
consequentially lower the alignment score significantly making it nearly impossible to distin-
guish between functional and non-functional snoRNAs based on sequence conservation alone.
The snoRNA family CD 24, for example, comprises 46 novel snoStrip-detected snoRNA se-
quences each of which does not achieve an alignment score above the critical threshold of
5. The reasons for this can be seen in Figure 2.6. Family CD 24 comprises two distinct
C-to-U switches and an adenine insertion in the ASE of different snoRNAs. Although these
events disable the alignment score approach, the target prediction works fairly well for all
family-associated snoRNAs.
In result, snoRNA candidates with a sufficient alignment score and/or a detected target
binding potential are considered as true snoRNA genes while the remaining sequences are
marked for manual inspection.
However, the alignment score approach described above is not practicable in case of box
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.<<<<<<<<<<<<<......|......>>>>>.>>>>>>>>.....
Neurospora (3 sp.) GCGGUAAUUCCAGCUCCAAU|UUGCAAGUUGG-AAUUACCGAUUGA
Pan & Cgl GCGGUAAUUCCAGCUCCAAU|CGGCAAGUUGG-AAUUACCGACUGA
M.grisea GCGGUAAUUCCAGCUCCAAU|GGCAAAGUUGG-AAUUACCGACUGA
N.haematococca GCGGUAAUUCCAGCUCCAAU|-UAUACGCUGGAAAUUACCGGCUGA
Fusarium (3 sp.) GCGGUAAUUCCAGCUCCAAU|-UAUACGCUGGAAAUUACCGGCUGA
T.reesei GCGGUAAUUCCAGCUCCAAU|-UAUACGCUGGAAAUUACCGGCUGA
S.sclerotiorum GCGGUAAUUCCAGCUCCAAU|-UGCACGCUGGAAAUUACCGACUGA
B.cinerea GCGGUAAUUCCAGCUCCAAU|-UGCAUGCUGGAAAUUACCGACUGA
Aspergillus (7 sp.) GCGGUAAUUCCAGCUCCAAU|-UAUACGCUGGAAAUUACCGACRGA
U.reesii GCGGUAAUUCCAGCUCCAAU|-UAUACGCUGGAAAUUACCGACCGA
A.capsulatus GCGGUAAUUCCAGCUCCAAU|-UAUACGCUGGAAAUUACCGGCCGA
Coccidioides (2sp.) GCGGUAAUUCCAGCUCCAAU|-UAUACGCUGGAAAUUACCGACCGA
P.nodorum GCGGUAAUUCCAGCUCCAAA|-UGCACGCUGGAAAUUACCGACCGA
Z.tritici GCGGUAAUUCCAGCUCCAAU|AAACACAAUGG-AAUUACCGGCCGA
Y.lipolytica GCGGUAAUUCCAGCUCCAAU|CUUUAAGUUGG-AAUUACCGACUGA
R.oryzae GCGGUAAUUCCAGCUCCAAU|UUUUAAGUUGG-AAUUACCGCCUGA
P.blakesleeanus GCGGUAAUUCCAGCUCCAAG|CUUUUUGUUGG-AAUUACCGUCUGA
Cal, Cdu & Ctr GCGGUAAUUCCAGCUCCAAA|AACAAAGCUGG-AAUUACUGGCUGA
C.glabrata GCGGUAAUUCCAGCUCCAAU|ACAAAAGCUGG-AAUUACUGGCUGA
M.guilliermondii GCGGUAAUUCCAGCUCCAAU|AACAAAGCUGG-AAUUACUGGCUGA
C.lusitaniae GCGGUAAUUCCAGCUCCAAG|AACAAAGCUGG-AAUUACCAACUGA
Cpa & Sst GCGGUAAUUCCAGCUCCAAA|ACAAAAGCUGG-AAUUACUGGCUGA
D.hansenii GCGGUAAUUCCAGCUCCAAU|AACAAAGCUGG-AAUUACUGGCUGA
E.gossypii GCGGUAAUUCCAGCUCCAAU|ACAAAAGCUGG-AAUUACUGGCUGA
K.lactis GCGGUAAUUCCAGCUCCAGU|ACAAAAGCUGG-AAUUACUGGCUGA
L.elongisporus GCGGUAAUUCCAGCUCCAAA|AACAAAGCUGG-AAUUACUGGCUGA
K.pastoris GCGGUAAUUCCAGCUCCAAU|AACAAAGCUGG-AAUUACUGGCAGA
Saccharomyces (4 sp.) GCGGUAAUUCCAGCUCCAAU|ACAAAAGCUGG-AAUUACUGGCUGA
B.dendrobatidis GCGGUAAUUCCAGCUCCAAU|AUAUACGCUGG-AAUUACCGGCUGA
----M----18S-rRNA---|------ASE-CD_24-----D’box
Figure 2.6. Conserved snoRNA-targetRNA interaction of family CD 24 and the region sur-
rounding the methylated uracil at position 18S-630. Duplicated interactions were summa-
rized. The C-to-U switches (black box) at the beginning and the end of the ASE correspond
to highly conserved guanine residues in the rRNA retaining the target binding capability
with a wobble base pair instead of a Watson-Crick pair. The inserted adenine in several
organisms (red box) disrupts the snoRNA-rRNA interaction after 10nt. Nevertheless, this
sites still harbors the best prediction for these snoRNAs.
H/ACA snoRNAs since they contain only very short conserved sequence patterns. The
RNAz classification probability that is calculated from the alignment containing the snoStrip-
detected sequence and the original snoRNA queries is used instead. The cutoff probability
of 0.5 is chosen in accordance with the original RNAz threshold. Similar to box C/D snoR-
NAs, box H/ACA snoRNAs are screened for predictable target interactions with the family
annotated modification sites by means of RNAplex.
For each snoRNA type, particular snoRNA candidates where the presumed target interaction
could not be detected, regardless whether the target RNA is missing or the interaction itself
could not be encountered, are marked for further investigation.
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snoBoard database
In order to cope with the demands of a huge amount of data with respect to availability, lucid-
ity, accessibility, and speed, a MySQL database termed snoBoardwas designed. This database
contains all retrieved information that have been collected during the annotation process
of snoStrip. Since snoStrip is separately applicable to fungi, plants, protostomes, and
deuterostomes it utilizes distinct databases to avoid conflicting snoRNA names. A complete
table scheme can be found in the appendix along with additional information, see Figure A.1.
In the following, though, the most important tables will be shortly introduced.
The central table of each database is called ’homology ’ and gives an overview about the ap-
pearances of snoRNA molecules in a each of the analyzed organisms by mapping the snoRNA
families (table row) to a list of paralogous sequences in each organism (table column). A
table cell is empty in cases where a species was not yet found to contain a sequence of the
particular snoRNA family. All characteristics that are independent of the snoRNA-type like
nucleotide sequences, genomic locations, secondary structures and minimum free energies, the
corresponding snoRNA queries and their Blast- or Infernal-scores are stored in a ’snoRNAs’
table. Additional information such as different databases and alternative scientific names that
are used in web interfaces or publications are also saved in this table. The snoStrip-specific
snoRNA name is utilized as primary key in this table.
Furthermore, snoBoard comprises snoRNA-type specific tables, i.e., individual tables covering
target information and box motifs for both box C/D and box H/ACA snoRNAs. The tables
’CD-targets’ and ’HACA-targets’ comprise the precise modification site in the single target
RNA as well as the mapped modification site in the corresponding target RNA alignment,
the snoRNA-targetRNA interaction on nucleotide level as well as on secondary structure
level including minimum free interaction energies. Box motif specific tables denoted as ’CD-
boxes’ and ’HACA-boxes’ contain the nucleotide sequence of the identified boxes, their start
positions, and the distance between each pair of box motifs. These tables are all accessed
with the snoRNA name. Both tables regarding the target information, however, comprise an
additional identifier that denotes the actual interaction site, since each snoRNA is potentially
able to guide modifications at two distinct anti sense elements.
The snoRNA pipeline keeps track of genomic DNA and target RNA sequences used during
the annotation process such that results may be reproduced easily and appropriately. A
second advantage is a update function that could be applied for a conversion of genomic
coordinates to newer genome versions or target RNAs. In order to achieve these goals, four
additional tables are introduced, namely ’genome-source’, ’snoRNA-source’, ’target-source’,
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and ’alignment-source’.
2.2 Fungal snoRNAs and Web Service
In a first instance, thesnoStrip pipeline was applied to a total amount of 63 fungal genomes,
spread over all important fungal lineages. This fairly large amount of genomes constituted a
challenging test run for the pipeline and generated the foundation for the publicly available
snoStrip web service∗.
The initial query set for the first snoStrip run consisted of 231 experimentally verified snoR-
NAs from five fungal species (for detailed information about the query snoRNAs and their
sources, please see Table A.1 in the appendix). The snoStrip pipeline was applied in two
successive runs. The first iteration served to incorporate all five sets of validated snoRNAs
and to detect homologous relations between these snoRNAs and organisms. Since the pipeline
was applied with a step-wise search procedure starting with closely related species, a large
portion of putative homologous snoRNAs was already detected in nearly all analyzed or-
ganisms. Furthermore, snoStrip was able to automatically map the query snoRNAs to its
functional homologs. The second iteration mainly served to detect homologous sequences
whose discovery was technically not possible, i.e., snoRNAs in organisms which have been
analyzed before the certain snoRNA family was incorporated in the snoStrip data basis.
In result, more than 3500 snoRNA candidate sequences in 63 fungal genomes were detected
providing the most comprehensive collection of snoRNAs at this time. The summarized
pipeline outcome can be seen in Table 2.1.
For fungi, the snoStrip web server provides easy access to this snoRNA annotation pipeline.
This service can be deployed in two operating modes: (1) genome-wide snoRNA annotation
and (2) single sequence conservation. Due to resource constraints, the web version accepts
moderate size genomes (60MB) as input. While in (1), the taxonomic range that is to be
used as query can be specified, for mode (2), it is necessary to provide sequence specific box
motifs. The service returns a variety of results that can be downloaded, e.g., mfasta- and
gff-files, family-wide alignments, and alignments displaying conserved snoRNA-targetRNA
interactions.
For (large) genomes of multicellular plants and animals the snoStrip pipeline is easily appli-
cable in a locally installed version.
In a first test whether snoStrip can accommodate divergent sequence patterns, 30 validated
∗http://snostrip.bioinf.uni-leipzig.de/
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Table 2.1. The table summarizes the outcome of the first snoStrip-application based on 231
validated snoRNAs in five different fungi. With two subsequent pipeline runs snoStrip
was able to detect a total amount of over 3500 snoRNA candidates in 63 fungal organisms.
box C/D snoRNA box H/ACA snoRNA
families seq. families seq.
# genomes
overall 67 2565 56 999 63
Basal fungi 29 76 6 14 4
Basidiomycota 28 161 8 34 7
Taphrinomycotina 31 89 23 57 3
Saccharomycotina 46 696 33 312 18
Pezizomycotina 58 1543 25 582 31
snoRNAs from the Giardia lamblia Isolate A [Hudson et al. 2012] were analyzed. This flag-
ellated protozoan parasite is known for its rather deviated box motifs. With default settings,
the pipeline recovered 26 families in both Isolates B and E. Three families where rejected
because of their aberrant box C motif harboring two substitutions and one family was not
detectable by means of Blast and Infernal.
2.3 Compare snoStrip to Different snoRNA Prediction Tools
The previously described snoStrip pipeline pursues a homology-based approach. However,
the snoStrip results on fungal genomes were compared with snoScan [Lowe & Eddy 1999],
snoGPS [Schattner et al. 2004], and snoReport [Hertel et al. 2008], all of which were initially
designed for de novo snoRNA prediction.
snoScan
The program snoScan was used for validation of the snoStrip-detected box C/D snoRNA
candidates. It utilizes probabilistic modeling techniques including Hidden Markov Models
(HMM) and stochastic context free grammars (SCFGs) to produce an integrated model based
on sequence and structure features of box C/D snoRNAs. SnoScan sequentially identifies up to
nine states each of which includes a probabilistic model of a snoRNA feature, e.g., box motifs
or the terminal stem. Furthermore, rRNA complementary regions are evaluated by an HMM
including a probability term for starting the complementarity at a certain position. However,
this probability is higher near known modification sites and hence, favors already known
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Table 2.2. Comparison of snoStrip and snoScan. Organisms where at least one target
RNA is missing are tagged with a ’*’. Column three denotes the complete amount of
snoScan reported interactions between genomic sequences and target RNAs, while column
four maps these interactions to unique genomic locations. The intersection of snoScan
and snoStrip detected interactions and the its percentage is noted in column five and six,
respectively. The complete table can be found in the appendix.
organism snoStrip
snoScan
interactions
snoScan
regions
snoStrip &
snoScan
percentage
A.flavus* 47 46714 14584 33 70.21
C.albicans 41 7227 2844 38 92.68
F.graminearum 51 37445 11050 50 98.04
L.bicolor 30 37329 14464 20 66.67
S.bayanus 40 5606 2145 40 100.00
S.cerevisiae 43 5006 1914 40 93.02
U.maydis 14 8225 3821 10 71.43
Y.lipolytica 37 2950 1187 28 75.68
interactions. The snoScan program can be run on whole genomes or sequence fragments and
produces a ranked list of putative interaction regions.
In order to run snoScan properly on non-yeast organisms, species specific methylation files
were created, including all published target sites of the five fungal query organisms. These
published modification sites were mapped to the fungi rRNA alignments and then to species
specific methylation positions. Missing rRNA sequences were replaced by the correspond-
ing budding yeast rRNA albeit no methylation sites were used for the replaced sequences.
Subsequently, snoScan was run on all 63 fungal genomes of the first snoStrip run and the
detected interactions were cross-checked with previously found snoRNA candidates. Gener-
ally, in organisms where both ribosomal RNAs are present, snoScan predicted at least 85%
of the snoStrip-detected snoRNA candidates. Solely the species Laccaria bicolor (66,67%),
Ustilago maydis (71.43%), and Yarrowia lipolytica (75.68%) achieved fewer coverage. This
might be due to an insufficient genome assembly. In species where at least one ribosomal
RNA is missing, significantly fewer snoStrip-detected snoRNAs were found with snoScan.
A condensed comparison can be seen in Table 2.2 while the complete results can be found in
the appendix in Table A.7.
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snoReport
In a second comparison, snoReport was applied to classify box C/D snoRNA as well as box
H/ACA snoRNA candidates that were detected by the snoStrip pipeline. This program
pursues a different approach than the previous one by detecting potential snoRNA sequences
by means of a support vector machine (SVM). In a first step, snoReport maps conserved
sequence motifs onto the input sequence. The subsequent constraint folding serves as a first
discrimination between putative candidates and irrelevant sequences. In case the sequence
folds into the type-dependent prototypical secondary structure, a feature vector of this can-
didate is computed and a SVM calculates a score that classifies the candidate as negative,
positive or even high-scoring candidate. As input, snoReport utilizes either a whole genome
or single sequence fragments and searches for snoRNA specific characteristics. Putative can-
didate sequences are returned with their specific box motifs and the SWM classification score.
In case of box C/D snoRNAs, about one fifth (534 of 2565) was not classified as snoRNA,
whereas nearly 75% of all snoStrip-detected box H/ACA snoRNAs (746 of 999) could not
be confirmed with snoReport. However, this rather poor result might be due to the fact that
snoReport has been trained on a very restrictive set of human and yeast snoRNAs.
snoGPS
Since snoStrip utilizes RNAsnoop as target prediction tool for box H/ACA snoRNAs, the
comparison between RNAsnoop and snoGPS as it is described in the corresponding RNAsnoop-
paper by Tafer et al. [2010] will be shortly discussed here. In principal, snoGPS employs a
deterministic search algorithm and a probabilistic gene model to search for snoRNA genes
with weakly conserved sequence and structure motifs. In a first phase, the algorithm enu-
merates all features of a candidate while the second phase scores these features to measure
how similar this candidate is compared to known box H/ACA snoRNAs. Initially, this set
of known snoRNAs comprised solely 22 sequences that have been experimentally detected
before and made publicly available at the UMass snoRNA database. snoGPS needs a genomic
query sequence and the corresponding targetRNA sequences as input files. By default, all
uridines in the targetRNA are considered as potential modification sites. To specify a subset
of these putative positions, however, decreases time consumption and the false positive rate.
The program produces a ranked list of potential snoRNAs and their identified targets with
additional information such as genomic location, a specific snoGPS score, and target interac-
tion information like the amount of base pairings and mismatches in the pseudouridylation
pocket.
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Figure 2.7. ROC curve for RNAsnoop and
snoGPS on the yeast dataset.
Tafer and colleagues compared the prediction ac-
curacy of RNAsnoop and snoGPS on the yeast
dataset [Schattner et al. 2004] of experimentally
confirmed/rejected snoRNA- rRNA interactions.
For a given snoRNA involved in a confirmed in-
teraction, they determined how many target sites
were predicted to bind with a better score/energy
than the experimentally reported one. Table A.8
in the appendix summarizes these rank values for
the confirmed interactions in yeast. In compar-
ison, RNAsnoop and snoGPS detect 43 and 41 of
the 44 verified interactions in yeast. RNAsnoop did
not identify the interaction of snR82 with LSU-
U2349, but predicts the adjacent position LSU-
U2351 as preferred target. On average, RNAsnoop ranks the confirmed interactions higher in
the list than snoGPS. This trend is also seen in the ROC curve in Figure 2.7, where RNAsnoop
shows a higher prediction accuracy than snoGPS.
2.4 Evaluation of snoStrip Detected snoRNA Candidates
As extensively described in the section about the snoStrip workflow, snoStrip utilizes a
homology-based search procedure by applying Blast and Infernal. That implies that all
detected candidates principally fit in the corresponding snoRNA family, otherwise they would
not have been found by the snoStrip search procedure. Furthermore, such candidates are
subsequently scanned for box motifs and in case of box C/D snoRNAs for a conserved target
region (ASE). In order to evaluate more than 3500 snoStrip detected snoRNA candidates
that were found in the initial fungal search run, all previously described approaches were
combined to search for putative false positive annotations.
In case of box C/D snoRNAs, the alignment score was calculated, annotated target-interactions
were searched for, and the snoScan and snoReport predictions were cross-checked. Among all
2565 box C/D snoRNAs, solely four sequences (0.15%) show a poor alignment score, a missing
target interaction, no snoReport, and no snoScan prediction. One of these four candidates (
P.pastoris, CD 24, homologous to yeast snR77 snoRNA) shows the highly conserved family
specific anti sense element, but since the target-carrying 18S rRNA is not available, a target
prediction becomes impossible and the snoScan prediction is at least hampered. Another
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putative snoRNA ( C.parapsilosis, CD 8, homologous to yeast snR48 snoRNA) has a misan-
notated D’ box leading inevitably to false target predictions. This correct and conserved box
was manually assigned afterwards. For both sequences, the overall sequence conservation,
especially in box motif and anti sense binding site regions, is highly indicative that these can-
didates are true homologs. On the contrary, the remaining two sequences lack such sequence
conservation and really seem to be misannotations. Hence they were excluded from further
analysis.
In case of box H/ACA snoRNAs, snoStrip-detected sequences were also searched for anno-
tated target-interactions and the output of snoReport and RNAz was scanned for overlapping
predictions. The results for box H/ACA snoRNAs are harder to evaluate since snoReport re-
jects three third of all box H/ACA snoRNA sequences, even if they are experimentally verified.
However, only 62 putative snoRNAs, among the 999 snoStrip detected snoRNAs, show a
poor RNAz score, a missing target interaction, and a missing snoReport confirmation (6.20%).
Within the set of these sequences, four box H/ACA families are overrepresented; 13 candidates
belong to family HACA 8 ( N.crassa: HACA8), 9 to family HACA 11 ( N.crassa: HACA11),
10 to family HACA 13 (N.crassa: HACA13, S.cerevisiae: snR10, S.pombe: AJ632002), and
6 to family HACA 15 (N.crassa: HACA15). Furthermore, 16 of these 62 sequences belong to
organisms where the target-carrying ribosomal RNA is missing. That leaves eight snoRNAs
(0.80%) being probably misannotated.
2.5 Detection of Novel snoRNA Candidates
The main purpose of the snoStrip pipeline is to find putative snoRNA sequences in other
species. To prove the ability of snoStrip to achieve this goal, the genomes of Aspergillus
fumigatus and Saccharomyces cerevisiae were searched for snoRNA genes starting with a set of
query sequences from Neurospora crassa. Afterwards, publicly available and experimentally
detected snoRNAs in A.fumigatus and S.cerevisiae were used as a reference set. The sole
existence of such published snoRNA sequences does not necessarily mean that no additional
snoRNAs might be detected with snoStrip or any other approach. Especially in A.fumigatus
or N.crassa, which are not as extensively studied as S.cerevisiae, regarding snoRNAs.
Aspergillus fumigatus
The search procedure was started with a set of 55 box C/D snoRNAs that have been found in
N.crassa [Liu et al. 2009c]. In the end, the results were compared to a set of 25 experimentally
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Figure 2.8. A simplified taxonomic tree of
fungi. Gemini are written in italic.
verified snoRNAs that have been detected in
A.fumigatus by Jo¨chl et al. [2008].
The snoStrip pipeline was applied in a step-wise
approach starting from N.crassa to search for ho-
mologous sequences in different Pezizomycotina
(Fusarium, Trichoderma, etc.) and to finally de-
tect putative snoRNA homologs in A.fumigatus.
In a second run, the undetected A.fumigatus
snoRNAs from Jo¨chl and colleagues were added
to the dataset and all Pezizomycotina were
searched again in reverse order to resolve unde-
tected homology relations.
In the first search run, snoStrip was capable to
detect 43 putative snoRNAs in the genome of
A.fumigatus. 19 of these sequences were already
published by Jo¨chl et al. [2008]. The remaining 24 snoRNA candidates showed typical box
C/D snoRNA characteristics but had not been published before. Because of the highly con-
served anti sense binding sites as well as the conservation of the corresponding methylation
regions in the targetRNA alignment, these sequences are likely to be true snoRNAs. That left
12 snoRNAs from the original N.crassa set, where snoStrip was not able to detect a possible
homolog in A.fumigatus. A Venn-diagram simplifying the results of this search procedure is
shown in Figure 2.9(a). The first snoStrip run missed six snoRNAs that were previously
described by Jo¨chl et al.. To further investigate the reasons for that, these sequences, as
well as the detected sequences of the published A.fumigatus snoRNA set, were used as query
sequences in the second or reverse search run which was applied to the genome of N.crassa to
identify unresolved homology relations. Therein, by use of the 25 A.fumigatus snoRNAs, the
program was able to identify 20 homologous sequences in N.crassa including the 19 snoRNAs
that were detected in the forward search run. That leaves solely one additional snoRNA
candidate that was not published by Liu et al. [2009c]. On the other hand, snoStrip missed
to detect 36 snoRNA sequences that were described by Liu and colleagues. This includes the
set of 24 N.crassa snoRNAs that were found to have unpublished homologs in A.fumigatus,
as described in the first search run, and the set of 12 snoRNAs where snoStrip could not
detect any homologous sequence. The results of the reverse run can be seen in Figure 2.9 (b).
When combining both snoStrip runs, solely five of the published sequences in A.fumigatus
and 12 of the published snoRNAs in N.crassa could not be matched to homologs in N.crassa
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(a) snoStrip search in the genome of A.fumigatus with published N.crassa
snoRNAs
(b) snoStrip search in the genome of N.crassawith published A.fumigatus
snoRNAs
Figure 2.9. The Venn-diagram shows the results of the forward and reverse snoStrip search
run to detect homologous snoRNAs between Aspergillus fumigatus and Neurospora crassa.
and A.fumigatus by means of the homology-based procedure, respectively. But this is not
surprising, since the recovery of a homolog strictly requires a suitable query sequence and in
these cases it seems that there are simply no such sequences. This might be because of various
but still uncertain events that took place in the evolution of fungi, e.g., loss of a homolog,
lineage and/or species specific innovations, or rearrangements.
For more information please see the Tables A.2, A.3, and A.4 in the appendix, displaying the
whole results of both search runs in detail.
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(a) snoStrip search in the genome of S.cerevisiae with published N.crassa and
A.fumigatus snoRNAs
(b) snoStrip search in the genomes of N.crassa and A.fumigatus with published
S.cerevisiae snoRNAs
Figure 2.10. The Venn-diagram shows the results of the forward and reverse snoStrip search
run to detect homologous snoRNAs between Saccharomyces cerevisiae and the previously
detected homologies between Aspergillus fumigatus and Neurospora crassa.
Saccharomyces cerevisiae
In a second evaluation step snoStrip searched for potential snoRNA genes in the budding
yeast S.cerevisiae. These results were compared with the experimentally verified snoRNAs
published in the UMass yeast snoRNA database∗.
In general, the applied search procedure to detect homologous sequences in two distinct
search runs was similar as for A.fumigatus. The final snoRNA datasets originating from both
snoStrip search runs that are described for Aspergillus were combined and used as query
set for the forward search run in S.cerevisiae. The query set comprised a total amount of 59
snoRNA families with one snoRNA being present in at least one of both species, A.fumigatus
∗http://people.biochem.umass.edu/sfournier/fournierlab/snornadb/main.php
60
2.5. Detection of Novel snoRNA Candidates
or N.crassa. By means of snoStrip, homologous sequences for 32 query families were detected
in S.cerevisiae leaving 27 snoRNA families that could not be matched to the budding yeast
genome. Furthermore, snoStrip could not identify 11 of the 43 UMass-annotated snoRNAs,
see Figure 2.10(a). When keeping in mind that the budding yeast Saccharomyces cerevisiae
is one of the most extensively studied model organisms in research, it does not come as a sur-
prise that the snoStrip pipeline was not able to detect any unpublished snoRNA candidate.
S.cerevisiae is probably the only organism where the set of published snoRNAs is congruent
with the set of all snoRNAs that are hidden in its genome.
Similar to Aspergillus fumigatus, a second search run was applied, see Figure 2.10(b) . Therein,
the published S.cerevisiae snoRNAs were used as query sequences to detect homologous se-
quences in the genomes of A.fumigatus and N.crassa. In accordance with the forward search,
snoStrip was able to detect homologies with 32 snoRNA families. Three of the previously
11 undetected S.cerevisiae snoRNAs map to putative homologs in A.fumigatus, while one
of these is also found in N.crassa. The remaining eight sequences could not be matched to
either of both genomes. This has at least two different explanations which will be given just
for notice, since they will be explained in the chapter about fungal snoRNAs, see Chapter
4. The majority of these nine sequences belong to snoRNA families with a single paralog in
each organism and it seems that this family was lost at the beginning of the Pezizomycotina
clade. Another yeast snoRNA that could not be mapped by snoStrip is a member of a
specific snoRNA clan that embraces several non-paralogous snoRNAs in each organism, all
of which are combined through certain rearrangements during fungal evolution. For example,
within the Pezizomycotina lineage, the targets carried by yeast snR72 and snR78 are com-
bined into one single snoRNA sequence, hence, leaving one of both original yeast snoRNAs
not mappable, cf. Figure 2.11.
The 27 snoRNA families were snoStrip wasn’t able to detect homologs in S.cerevisiae remain
not mappable in the second search run indicating evolutionary events either leading to a loss
of these snoRNA families in the budding yeast lineage or the whole Saccharomycotina clade
or indicating innovation events at the root of the Pezizomycotina clade. For more details
please see Chapter 4.
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Figure 2.11. In S.cerevisiae, the snoRNAs snR72 and snR78 carry a single target on their
5’ and 3’ end, respectively. They are located in close proximity on chromosome III. In
the Pezizomycotina lineage, which is exemplary shown by A.fumigatus, these two targets
are incorporated into a single snoRNA molecule retaining their general position within
the snoRNA. Since the overall sequence identity between yeast snR78 and its Aspergillus
counterpart is significantly higher with respect to the snR72 molecule (70,1% to 48,2%)
, this homology was detected by snoStrip, while the low pairwise identity of snR72 and
afu CD 5-1 prevented the detection by snoStrip.
snoStrip - Recapitulation
The snoStrip pipeline provides an excellent, convenient, and efficient way to annotate homol-
ogous snoRNAs in newly sequenced genomes. Besides the natural selection for homologous
snoRNAs regarding the sequence level, snoStrip also examines the functional level by an-
alyzing the conservation of target binding properties. Complementarily to the annotation
of novel snoRNA sequences for already known snoRNA families, a single snoRNA gene that
might have been detected during automatic gene identification or wet lab experiments can be
evolutionary traced across a widespread of species to determine whether it shares conserved
snoRNA properties and hence can be regarded as true and conserved snoRNA. The snoStrip
generated collections of snoRNA data constitute a valuable resource for large-scale studies,
e.g., on snoRNA evolution and the preservation of target interaction. It further enables a more
generalized characterization of snoRNA species, e.g., for improving the accuracy of machine
learning approaches for de novo snoRNA prediction.
Overall, the snoStrip pipeline provides easy access to analyze snoRNA sequences with re-
spect to conservation of sequence, snoRNA properties, and the snoRNA specific functions. It
automatically applies several filter mechanisms such as the conservation of the family target
binding region or the presence of canonical box motifs to determine false positive predictions.
The pipeline also checks for overlapping results with already annotated snoRNAs in the same
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organism but in other snoRNA families. In theses cases, a functional homology between two
families is detected. Both families are then merged and the snoRNAs are renamed accord-
ingly. Due to this feature, several experimentally detected snoRNA sequences of distinct
organisms have been found to be functional related. Furthermore, target switches between
snoRNA families become automatically traceable whilst searching for novel snoRNAs.
Because of slight differences in different kingdoms of life, snoStrip is separately applicable
to fungi, plants, protostomes, and deuterostomes.
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“ It is a mistake to think you can solve any major problems just with potatoes. ”
Douglas Adams, Life, the Universe and Everything, 1982
Small nucleolar RNAs play quite a few different roles in the metabolism of a cell. In order to
get an overview of their influence within the cell one need sufficient and reliable methods to
detect snoRNA sequences and to determine their biological function through an efficient pre-
diction of their targets. Besides the box H/ACA snoRNA target prediction program Snoopy,
that was previously developed, a reliable tool called PLEXY, will be presented in the follow-
ing chapter to search for putative snoRNA-targetRNA interactions in box C/D snoRNAs.
For further evaluation whether a specific target is conserved throughout a certain lineage or
kingdom, a large amount of targetRNAs was collected and structure-related alignments were
computed. Based on the fungal 18S rRNA alignment, the reconstruction of the phylogenetic
tree by means of RAxML will be explained. In a last paragraph, the Interaction conservation
index (ICI) as it is defined by Kehr et al. [2014] will be introduced. The ICI-score measures
the conservation of a certain snoRNA-targetRNA interaction across a whole snoRNA-family
and hence, will additionally provide information about the quality of the prediction. The ICI
score is furthermore expanded to work on subtrees only to gain the possibility to measure
lineage specific conservation of target interactions.
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3.1 Predicting Targets for Box C/D snoRNAs
Box C/D snoRNAs are mainly involved in 2’-O-ribose methylation of specific nucleotides in
ribosomal and spliceosomal RNAs [Terns & Terns 2002]. They are characterized by two
sequence motifs, the C-box (RTGATGA) close to the 5’-end, the D-box (CTGA) close to the 3’-
end, and in most cases, an additional C’- and D’-box. The targeted position is located exactly
5 nucleotides upstream of the 5’-end of the D- and/or D’-box. It is determined by sequence-
specific hybridization, see Figure 1.1. The base-pairing region has a length of 7-20 nts and
exhibits a simple structure consisting of stacked base-pairs and a few allowed mismatches
only. In particular, bulges are absent [Ni et al. 1997].
Recently, an efficient and reliable tool for predicting the much more complex interactions of
box H/ACA snoRNAs with their targets has become available [Tafer et al. 2010]. It is based
on the thermodynamic principles of RNA folding. No comparable approach is currently
available for box C/D snoRNAs , even though they bind to their targets in a much less
complex manner. snoTarget [Bazeley et al. 2008], which is presently the only computer
program devoted to box C/D snoRNA target prediction, employs pattern matching to find
candidates. These candidates are subsequently ranked by the co-folding energy of snoRNA
and target as computed by RNAcofold [Bernhart et al. 2006]. In contrast, PLEXY is a dynamic
programming algorithm that directly computes thermodynamically optimal interactions of a
box C/D snoRNA with a putative target RNA.
PLEXY - workflow
PLEXY takes a snoRNA sequence with its annotated box motifs and a list of potential target
RNAs as input. Therein, PLEXY is not limited to canonical targetRNAs like ribosomal or
spliceosomal RNAs since it can handle every given genomic sequence as potential target
sequence. In a first step, PLEXY extracts the putative antisense elements (ASE) which are
defined as the 20 nt long segments directly upstream of the D/D’-boxes. Subsequently, PLEXY
calls the RNAplex algorithm to compute stable duplexes between the ASE and the putative
targets. RNAplex is a fast folding algorithm for unbranched RNA structures that utilizes a
linearized energy model to achieve a linear runtime behavior [Tafer & Hofacker 2008]. In
contrast to RNAcofold used in snoTarget, RNAplex neglects the internal structure of the
interacting RNA sequences and hence is fast enough for genome-wide searches without the
need for additional prefiltering steps. The list of duplexes is then filtered using the rules
compiled by Chen et al. [2007]. This means that the detected interaction should be at least
7nt in length. The core region, being 9nt in length, has to contain one mismatch at most,
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Figure 3.1. (a) ROC-curves of the target predictions by PLEXY (solid line) and
snoTarget(dotted lines) in human and yeast (inset). (b) Rate of false positive interaction
predictions in genomic DNA as a function of interaction energy with the known target for
human snoRNAs. For 24 snoRNAs no false positive hit is reported in 107 nucleotides.
Below that the histogram of interaction energies with known targets is shown.
whereas the whole interaction is not allowed to comprise any bulge. A last constraint affects
the methylated residue at the fifth position, since it has to form a canonical Watson-Crick
base pair. After the filter procedure, putative target sites are ranked by their calculated
duplex energies.
PLEXY - Validation
Runtime. The runtime of PLEXY scales linearly with the length of the target sequence. It
scans 106 nucleotides of target sequences in 19s on a 2.66GHz Intel processor (Q9400). This
is only four times slower than the pattern search algorithm employed by snoTarget.
Accuracy. To compare the performance of PLEXY and snoTarget a reference collection of
experimentally verified snoRNA-rRNA interactions of yeast [Lowe & Eddy 1999] and human
[Lestrade & Weber 2006] was used. Input yeast and human rRNA and snoRNA sequences
were taken from Samarsky & Fournier [1999] and Lestrade & Weber [2006], respectively. In
yeast, PLEXY correctly predicted all 50 target sites, 49 (98%) being ranked first. In contrast,
snoTarget recovered only 37 of 50 (74%) of the methylation sites, only 20 (40%) achieved
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the top rank. In human, PLEXY found 116 of 118 (98.3%) known rRNA targets, 108 (91.55%)
with top rank. snoTarget retrieved 78.88% of these targets and ranked 55.77% of them at the
top. The data are summarized as ROC-curves in Figure 3.1 (a). The minimum free energy
for the predicted duplexes on the rRNAs averages −20.4 [kcal/mol]. The energy distribution
is shown in Figure 3.1 (b).
False Positive Rate. To estimate the false positive rate 116 human snoRNAs with known
targets on rRNAs were tested against a 10Mb segment of the human genome (chr12:2M-12M).
A duplex is a false positive hit (FP) if its interaction energy is lower than that of the true
interaction. For 24 snoRNAs no FP was found, 39 additional snoRNAs had less than one FP
per Mb, and more than 80% (98/116) of the snoRNAs had less than one FP per 100Kb. The
false positive rate depends exponentially on the interaction energy, see Figure 3.1 (b), hence
PLEXY is limited to reliably predict the snoRNA-targetRNA interactions that have sufficient
interaction energies.
Targets in mRNAs. In contrast to the majority of the box C/D snoRNAs, the members of
the brain-specific HBII-52 family do not methylate rRNAs or snRNAs but basepair close to
an alternative splice junction in the mRNA transcript 5HT-2C, which codes for the serotonin
receptor [Kishore & Stamm 2006]. A target search in a large dataset of (primary) transcripts
expressed in brain (covering about ∼ 0.75 × 109 nt) returned the known target site with
median duplex energy of −29.1 [kcal/mol] for 41 of the 42 members of the snoRNA family. A
second putative target with a median interaction energy of −29.3 [kcal/mol] was revealed in
37 of the 42 snoRNAs. This second region is located in a large intronic region of the neurexin
primary transcript (hg18/chr2:50666208-50666189). The example demonstrates that PLEXY
can be employed for essentially transcriptome-wide target searches.
PLEXY - Recapitulation
Recently, it was discovered that HBII-52 is also processed into shorter RNAs, so-called psnoR-
NAs (for processed snoRNAs), that appear to be involved in splicing regulation. The psnoR-
NAs form RNPs distinct from the “common” snoRNPs. It is not surprising, therefore, that
the psnoRNAs-mediated mode of action follows somewhat different interaction rules, although
they involve the same regions of the snoRNA. For instance, psnoRNA-mRNA duplexes ap-
pear to have more mismatches than canonical snoRNA-rRNA ones [Kishore et al. 2010]. As
soon as these recognition parameters are better understood they could be easily included in
the PLEXY algorithm by simply adding further filtering rules.
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Finally, it is noteworthy that the specificity of PLEXY can be significantly enhanced by con-
sidering evolutionary conservation of the target site. This can be achieved most easily by
filtering the predicted putative targets by their sequence conservation or by using the ability
of RNAplex to compute interactions between multiple sequence alignments.
In summary, PLEXY is a computationally efficient tool to predict target sites for box C/D
snoRNAs. It reliably identifies modification sites on rRNAs and snRNAs. At the same
time, it is efficient to perform genome-wide searches for potential mRNA targets of orphan
snoRNAs.
3.2 Target RNA Alignments
Putative targets for canonical methylation and pseudouridylation reactions triggered by snoR-
NAs have been described as ribosomal RNAs (5.8S, 18S, 25S/28S ) and all kinds of spliceo-
somal RNAs. To cluster snoRNAs into functional homologous groups and to analyze the
conservation of the interaction single sequence target prediction and the subsequent mapping
onto target RNA alignments becomes inevitable.
Collecting ribosomal RNAs
The sequences of all parts of the rRNA operon have been collected for each of the investi-
gated fungi and metazoan species as putative targets. In particular, available sequences for
5.8S, 18S, and 25S/28S rRNA have been retrieved from the ARB-silva [Pruesse et al. 2007],
Ensembl∗ and NCBI† databases. By means of the Hidden Markov Model-based tool RNAmmer
[Lagesen et al. 2007], that predicts 5s/8s, 16s/18s, and 23s/28s ribosomal RNAs in full genome
sequences, some previously unannotated target sequences have successfully been identified.
Unfortunately, rRNA operons are often excluded from genome assemblies. At the same time,
in particular LSU rRNAs have been rarely cloned and sequenced in independent studies, e.g.,
for phylogenetic purposes. As a consequence, the coverage of snoRNAs is oftentimes better
than of rRNAs in many of the recently sequenced organisms. In case of Deuterostomia the
majority of SSU RNAs (44/47, 93.6%) was detected, while for LSU only 17 of 47 (36.2%)
nearly full-length sequences could be used for comparative analyses of modification sites.
A suitable 5.8 rRNA sequence could be found in 41 species (87.2%). In case of Fungi the
picture looks quite better with respect to the coverage of LSU target sequences since 114 of
∗http://www.ensembl.org
†http://www.ncbi.nlm.nih.gov/nuccore
69
3. snoRNA-targetRNA Interactions
147 (77.6%) sequences could be detected. Again, the majority of SSU RNAs was retrieved
(130/147, 88.4%) and appropriate 5.8S sequences were found in 141 organisms (91,3%). For
13 fungal organism neither a LSU nor SSU was found (8.8%). A detailed summary of all
collected ribosomal rRNAs can be seen in table 3.1.
To verify or alter previously published interactions, the same rRNAs have been used as in
their original publication, i.e., for S.cerevisiaeand N.crassa, target RNAs were collected from
the UMass and ARB-silva database, respectively.
Collecting spliceosomal RNAs
Metazoan spliceosomal RNAs (U1, U2, U4, U5, U6, U11, U12, U4atac, and U6atac) have
been taken from Marz et al. [2008], where manually curated alignments are provided.
Fungal snRNAs (U1, U2, U4, U5, U6) were originally gathered from their respective Rfam
gene family. All sequences that were already annotated in the species that are part of this
thesis were extracted. Non-fitting and sequences being too short were excluded from the
further annotation process. A Blast-based homology search was subsequently applied to
detect all potential snRNA paralogs in organisms with already annotated Rfam sequences
and to find novel U6 genes in organisms with previously missing annotations. Relaxed Blast
parameters, regarding word size and gap penalties, enabled findings of short conserved regions
which were concatenated in a subsequent chaining process. With this procedure, it was also
possible to detect intron interrupted U6 snRNA genes even without a query containing a
homologous intron, see chapter 6 and Canzler et al. [2016]. The total amount of collected
snRNA sequences is again shown in table 3.1.
Creating Target RNA Alignments
Since the snoStrip pipeline is separately applicable to deuterostomes, protostomes, plants,
and fungi, target RNA alignments were also individually calculated to better investigate the
conservation of modification sites within these phylogenetically complex groups of organisms.
To determine homologous positions of known or predicted modification sites between differ-
ent species, high quality alignments of the rRNAs are required. RNAsalsa has been used
[Stocsits et al. 2009] to compute sequence structure alignments for 5.8S, 18S, and 25S/28S se-
quences while the initial input alignments for RNAsalsa have been computed with MUSCLE. For
deuterostome alignments, the secondary structure information of human 18S and 28S rRNA
sequences [Cannone et al. 2002] have been used as initial structural constraints. The initial
structure constraint for human 5.8S rRNA has been predicted by means of RNAfold [Hofacker
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Table 3.1. The table shows the number of target RNA sequences that were gathered for
particular lineages. Numbers in parentheses denote the number of target sequences in the
respective alignment in case not all sequences were used.
organisms 25S/28S rRNA 18S rRNA 5.8S U1 U2 U4 U5 U6
Fungi 147 114 (87) 130 (121) 134 98 133 132 118 143
Deuterostomia 47 17 47 44 22 22 22 22 22
Protostomia 23 21 21 - 18 18 18 18 2
et al. 1994b]. In case of fungal rRNA alignments, the secondary structure annotations were
taken from the Comparative RNA Web Site∗.
To guarantee a high quality sequence-based alignment in the first place, solely sequences
with a sufficient length and quality were incorporated in the alignment process; i.e., 18S
and 25S/28S rRNA sequences were required to be at least 1500nt and 2100nt in length,
respectively. In addition to this criteria, several shorter sequences were found to be of high
quality but cover either the 3’ or 5’ end of the entire rRNA molecule. They were added to
the final sequence-based alignment in cases where such sequences did not diminish the overall
alignment quality. For the fungi and deuterostome 18S alignments, two sequences were added
in each alignment, that fulfill these criteria. Please see Table 3.1 for total numbers of aligned
ribosomal RNA sequences.
Conservation of Modification sites
Mapping of single sequence positions in rRNA and snRNAs onto positions in their respective
alignments has been realized with the BioPerl packages AlignIO and SimpleAlign [Stajich
et al. 2002]. By means of pairwise alignments of budding yeast and human 18S and 25S/28S
sequences, homologous functional modifications have been identified. These modifications
might indicate ancient origins before the separation of Fungi and Metazoa. Tables of corre-
spondences between putatively modified positions in rRNAs are provided in the Supplemen-
tary chapter A.6.
Conservation of fungal snoRNA-derived modification sites. In total, the small ribosomal
subunit contains 17 methylation and 14 pseudouridylation sites, whereas the large subunit
carries 37 and 30 such sites, respectively. In accordance to the MUSCLE-derived SSU-alignment
of 61 fungal species, every single methylation site is conserved. The pseudouridylation site
∗http://www.rna.ccbb.utexas.edu/
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Ψ 759, however, shows a mutation towards a cytosine in Mucoromycotina and in two of three
organisms of the Neurospora-lineage (N.crassa and N.discreta). The neighboring modifica-
tion site of Ψ 766 is also mutated into a cytosine in the whole Sordariomycetes clade with
the exception of M.grisea and N.tetrasperma. Ψ 1415 shows a mutated cytosine in the entire
Eurotiales lineage. Within the LSU, an interesting pseudouridylation site is Ψ 1110, that is
known to be one of three sites guided by snR82. However, the necessary uridine is merely con-
served amongst Saccharomycetaceae. The sole methylation site that seems to be unconserved
in the LSU is Um898. In the Hypocreomycetidea-lineage, all six organisms share an adenosine
at this certain position, while the Sordariomycetidae-lineage mostly exhibits a cytosine, with
the exception of M.grisea that still contains the conserved uridine.
3.3 Reconstruction of Phylogenetic Trees
A phylogenetic tree of 121 fungal organisms was reconstructed using the maximum likelihood
(ML) approach of RAxML (Randomized A(x)ccelerated Maximum Likelihood). This tree was
based on the 18S rRNA alignment that was previously computed by means of RNAsalsa,
and the resulting RNA consensus structure. To find the best-scoring ML tree for the input
alignment, RAxMLwas run on 500 different parsimony starting trees. To conduct support values
for this tree, 500 bootstrap replicate trees were calculated and the values were subsequently
assigned to the tree branches. The best tree is shown in Figure 3.2.
In principal, the reconstructed phylogenetic tree is in accordance with the NCBI-derived taxo-
nomic tree, see Figures A.3 and A.4 in the appendix. The major fungal lineages are precisely
traceable and show a clear common origin. Most differences are found deep down in the tree,
e.g., Alternaria brassicicola (abr) is not clustered with its Pleosporaceae family members
Bipolaris maydis (bma) and Pyrenophora tritici-repentis (ptt), but with a member of the
same suborder (Cucurberita berberidis, cbb). The last member of this particular suborder,
Parastagonospora nodorum (pno), is associated with organisms of the Saccharomycotina lin-
eage, see Figure 3.2 (highlighted in grey colors). Another fungi that is not clustered with its
lineage, based on 18S rRNA sequences, is Neurospora tetrasperma (nte). Instead, it is deeply
buried in the Basidiomycota lineage.
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Figure 3.2. Phylogenetic tree of 121 fungal organisms. This tree was created by means of
RAxML based on 18S ribosomal RNAs. Bootstrap values are assigned to the corresponding
branches. Organisms were encoded with their 3-letter abbreviation. ’Taphrinom’ denotes
Taprhinomycotina, ’Muco’ denotes Mucoromycotina, ’Bla’ denotes Blastocladiomycota,
and ’Chy’ designates Chytridiomycota. Both organisms that are highlighted in grey are
inherently part of Pezizomycotina.
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3.4 Measuring Coevolution of snoRNAs with their Targets
To study the conservation of interactions, the targets for each individual snoRNA sequence
are initially predicted and subsequently their conservation in other species is evaluated. To
formally investigate the conservation, the Interaction Conservation Index (ICI) was developed
by Kehr et al. [2014] and is briefly described in the following.
Assume target t specifies a column in the alignments of target sequences and a snoRNA family
s may contain more than one paralog. X(t, s, k) denotes the set of all snoRNAs from family
s in species k that are predicted to target t in species k. Furthermore, S(t, k) is written for
the set of snoRNA families predicted to target t in species k, i.e., S(t, k) = {s|X(t, s, k) 6= ∅}.
Similarly O(t, s) = {k|X(t, s, k) 6= ∅} denotes the set of species in which family s has a
representative that targets t and T (s, k) = {t|X(t, s, k) 6= ∅} is the set of targets of the
snoRNA family s in species k.
The interaction is then scored on the family level
ε(t, s, k) = min
x∈X(t,s,k)
Emfe[x, yt,k] (3.1)
where minEmfe[x, yt,k] is the minimal energy of the interaction between the snoRNA x and
the sequence yt,k centered at the target t in species k, computed by PLEXY or RNAsnoop.
Averaging over all predictions of target t in species k
ε¯(t, k) =
∑
s∈S(t,k)
ε(t, s, k)/|S(t, k)| (3.2)
and averaging over all targets t of snoRNA s in species k
εˆ(s, k) =
∑
t∈T (s,k)
ε(t, s, k)/|T (s, k)| (3.3)
allows the calculation of the normalized parameters
icimod(t, s, k) = ε(t, s, k)/ε¯(t, k)
icisno(t, s, k) = ε(t, s, k)/εˆ(s, k)
(3.4)
.
To summarize these data over all species, the Interaction Conservation Indices (ICI) for the
modification (target) and the snoRNA are defined as follows:
ICImod (t, s) =

 ∑
k∈O(t,s)
ε(t, s, k)/ε¯(t, k)

 ∗( 1
|O(s)|
)
(3.5)
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ICIsno (t, s) =

 ∑
k∈O(t,s)
ε(t, s, k)/εˆ(s, k)

 ∗( 1
|O(s)|
)
(3.6)
where O(s) = { k | ∃t : X(t, s, k) 6= ∅ } denotes the set of organisms that are present in
snoRNA family s.
Both scores measure how much better s fits the target t compared to the predicted alter-
natives for which an interaction is also feasible. Large values of ICI(t, s) ≥ 1 suggest that
t is consistently a target of snoRNA family s. The parameter ICImod(t, s) emphasizes the
conservation of the modification site, while ICIsno(t, s) emphasizes the conservation of the
snoRNAs ASE.
Lineage specific conservation of target interactions
The previously described approach to evaluate the conservation of a particular target inter-
actions is especially suitable for modification sites that are present in a large set of analyzed
organisms. In cases where a potential target appears to be lineage specific, the ICI score will
drop to rather low values due to the normalization score 1/O(s) that represents all organisms
sharing a homologous snoRNA of family s.
To appropriately investigate alternative or additional targets that merely appear in a partic-
ular subset of organisms, the ICI score calculation has to be adapted to take the particular
phylogenetic distribution of a target interaction into account. Therefore, the normalization is
restricted to the smallest phylogenetic subtree that harbours all organisms that are detected
to share snoRNAs of family s predicted to guide target t. Assume the overall taxonomic tree
is represented by a tree T = (V,E) with root γ. The minimal subtree Uτ = (Vτ , Eτ ) with root
τ shares the node set Vτ = { v | ∀(v, u) , u ∈ Vτ : LCAT (v, u) ∈ Vτ } where LCAT (v, u)
is the lowest common ancestor in tree T of both nodes v and u. More precisely, the LCA is
the lowest node, i.e., the farthest node from the root, that has both v and u as descendants.
Hence, the ICI scores in a particular subtree rooted at τ can be calculated as follows:
ICImod,τ (t, s) =

 ∑
k∈Oτ (t,s)
ε(t, s, k)/ε¯(t, k)

 ∗ ( 1
|Oτ (s)|
)
(3.7)
ICIsno,τ (t, s) =

 ∑
k∈Oτ (t,s)
ε(t, s, k)/εˆ(s, k)

 ∗ ( 1
|Oτ (s)|
)
(3.8)
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where Oτ (s) = { k | ∃t : X(t, s, k) 6= ∅ & vk ∈ Vτ } denotes the set of organisms that are
part of the subtree τ and present in snoRNA family s, vk is the leaf that denotes organism k.
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“ Nothing travels faster than the speed of light, with the possible exception ofbad news, which obeys its own special laws.
”
Douglas Adams, Mostly Harmless, 1992
A snoRNA annotation project in a novel genome for example was often a tedious work. For
a complete functional annotation, box motifs had to be correctly assigned in order to extract
the sequence specific properties such as secondary structure and potential target interaction.
However, the box motifs were mostly manually curated which made this important step very
time consuming. With the snoStrip pipeline, the whole annotation of snoRNAs becomes
automatically applicable to a large set of genomes at once. Based on a set of experimen-
tally detected and/or verified snoRNA sequences, novel snoRNAs are searched by sequence
homology and box motifs are extracted because of conserved sequence motifs. Further char-
acteristics, e.g., the prediction of the secondary structure and potential guiding functions, are
extracted as well. With this approach, large scale analyses of snoRNA evolution regarding
both the evolution on the sequence level and the functional component becomes automatically
applicable.
In the following chapter, the evolutionary history of fungal snoRNAs will be discussed in
detail. On the basis of several surveys that experimentally identified a variety of snoRNAs
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in five fungi, snoStrip was used to annotate a comprehensive set of homologous sequences
in a large set of species whose genomes are available in decent quality. The extraction of
functional properties in a subsequent step enabled investigations to what extent target sites
remain conserved throughout fungal specification or if snoRNA families acquire novel guiding
functions during the cause of time.
4.1 Collection and Verification of snoRNAs
The previously gathered fungal snoRNA set that has been collected by means of the novel
snoStrip pipeline was extended in a large scale analysis to investigate the evolutionary history
of fungal snoRNAs. For this purpose, 147 fungal genomes in decent assembly status were
collected from various sources. An NCBI-based taxonomic tree displaying the relationship,
genome source, and genome version of all fungal organisms in the evolutionary survey is
shown in the supplement, see Figures A.3 and A.4.
Collection of Fungal snoRNAs. The snoStrip pipeline was applied to detect all poten-
tial homologous snoRNAs in the 147 species. The snoRNA set comprising over 120 snoRNA
families in 63 fungi, as it has been retrieved for the snoStrip web server, served as query
set, for detailed information please see section 2.2. All organisms were searched with Blast
and Infernal to minimize the possibility of missing a putative snoRNA homolog. Species
with at least one snoRNA already present in the query set were checked for missing par-
alogs. As described in the snoStrip-section, the pipeline was applied in a stepwise approach,
starting with closely related species, i.e., snoStrip was at first applied to the set of Pezi-
zomycotina, followed by Saccharomycotina, and the other lineages towards the root of fungi.
This procedure was repeated several times until no novel snoRNA sequences were detected.
Manual Curation. Despite its overall high accuracy, snoStrip fails in some cases to
annotate the evolutionarily conserved box motifs. Misannotated boxes provoke some major
implications in the subsequent evaluation process. An obvious consequence is an incorrect
target prediction based on wrong anti sense elements. Another more subtle side effect might
be a wrong sequence length since snoRNA molecules are trimmed with respect to the box
motifs. Besides wrong annotations, some snoRNAs might even not fit on sequence level in
the currently analyzed snoRNA family. These sequences have to be removed in order to keep
the family clean.
To avoid such implications, snoRNA families were manually curated after a finished snoStrip
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Figure 4.1. Boxplot showing the relative number of manually curated box motifs per snoRNA
family.
run. The main focus is on automatically identified box motifs, correct molecule lengths, and
the overall fit of each snoRNA sequence in its respective family.
To identify putative misannotated box motifs, the conservation of all automatically selected
boxes was checked by a comparison of the start positions within the snoRNA family alignment.
Therein, motifs that start at unconserved positions are most probably false annotations.
These sequence motifs were corrected to satisfy the common start position. In cases were such
a correction was not feasible due to non-canonical box motifs at the supposed positions, either
the box annotation was deleted (prime boxes) or the whole snoRNA candidate was rejected
(boxes C, D, H, or ACA) since disrupted box motifs imply non-functional mature snoRNAs.
Sequences that were obviously too large or too short were manually corrected in accordance
to the novel snoRNAbox motifs. Sequences that neither show convincing sequence similarity
in the highly conserved target binding region nor in the slightly more variable regions were
excluded from the dataset.
A boxplot showing the relative amount of curated box motifs can be seen in Figure 4.1. It is
clearly visible that most box C/D snoRNA families needed only minor changes or no curation
at all. Solely family CD 16 contains nearly 95% of sequences with adapted D’ box motifs. This
large fraction is not caused by wrong snoStrip annotations, rather than by a misannotation
of the D’ box in the first query sequence of Neurospora crassa. This falsely annotated box
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motif was than preserved throughout the snoStrip-search and had to be changed afterwards.
In case of box C/D snoRNA families, C, D’, C’, and D box motifs were adapted in 14, 27, 14,
and 17 families, respectively. In total, 26 families were not affected by manual curation of any
box motif and 45 families comprised less than 5% of sequences which needed to be adapted.
It is furthermore evident and expected that shorter box motifs tend to be more frequently
misannotated.
In case of box H/ACA snoRNA families, 18 of 50 families were correctly annotated. Three
quarter of the remaining families share at most 10% and 5% sequences with adapted H and
ACA box motifs per family, respectively. In both cases of highly adapted H-boxes in families
HACA 50 (100%, 4 sequences) and HACA 23 (80%, 4 curated sequences), a misannotation of
the initial query sequence caused the changes. Due to the higher variability of box H and the
short sequence of box ACA, compared to C and D boxes, these boxes are easier misclassified
and hence need to be adjusted afterwards.
4.2 The Fungal snoRNAome
A comprehensive set of fungal snoRNA sequences was collected by means of the snoStrip
pipeline. These sequences are analyzed with respect to different aspects such as general
snoRNA specific properties (box motifs, lengths, etc.), phylogenetic innovation and deletion
events and a complete functional analysis regarding single sequence targets as well as target
conservation. A simplified taxonomic tree that shows the important fungal lineages is shown
for clarification in Figure 4.2.
In this work, snoRNA families are always denoted with their respective internal snoStrip
name. In cases where previously annotated snoRNAs are denoted otherwise in their respective
publication, these original names are given in parentheses, e.g., the internal snoStrip name
CD 22 maps the experimentally detected S.cerevisiae sequence snR62. A complete mapping
Blastocladiomycota
Microsporidia
subkingdom
kingdom
Dikarya
phylum
Ascomycota
no rank
saccharomyceta
Saccharomycotina
subphylum
Pezizomycotina
Eurotiomycetes
no rank
sordariomyceta Leotiomycetes
Sordariomycetes
Dothideomycetes
Taphrinomycotina
Basidiomycota
Chytridiomycota
Mucoromycotina
Fungi
Figure 4.2. Simplified NCBI-derived taxonomic tree displaying major fungal lineages.
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of snoStrip derived snoRNA names with their previously published species specific names is
shown in Supplement Table A.12 and A.11. A similar notion is chosen when target positions
are described. In most cases, the alignment position is given and the sequence specific position
of selected organisms are written in parentheses.
Table 4.1. Results of the snoStrip-search
on 147 fungi.
families # sequences
C/D 68 5595
H/ACA 50 2269
U3 1 310
The application of snoStrip to the 147 fugal
organisms using the previously gathered set of
snoRNAs (see section about the initial fungi
snoRNA set 2.2) retrieved a combined dataset
of 68 box C/D snoRNA and 50 box H/ACA
snoRNA families. Within the box C/D and box
H/ACA families, a total amount of 5595 and 2331
potential snoRNA sequences were detected, re-
spectively, see Table 4.1.
Box C/D snoRNA Families
In Figure 4.3, a heatmap shows the distribution of the 68 fungal box C/D snoRNA families
across the 147 analyzed organisms. The amount of snoRNA sequences that belong to a
particular organism and snoRNA family is decoded in a specific color each. It is apparent
that most box C/D snoRNA families encompass exactly one snoRNA per organism which
results in a pale blue bar. Exceptions of this rule are given by families CD 5 and CD 19
whose coverage number lies between two and three and sometimes even above. This might
be related to the fact that more than two annotated target functions are assigned to both
families. Target switches and target duplication events prompted snoStrip to automatically
merge previously separate snoRNAs. Details are explained later when target switches are
discussed. Besides an enlarged snoRNA coverage in specific families, it frequently happens
that certain species encode an increased amount of paralogs to one ore many snoRNA families,
e.g., Postia placenta, Atractiellales sp or Nadsonia fulvescens. Even whole lineages harbor in
several families increased copy numbers such as Leotiomycetes in CD 41 or Sordariomycetes
in CD 28.
Nearly half of all box C/D snoRNA families are traceable down to the root of fungi (32/68),
i.e., at least one early branching fungal lineage is attested to carry this specific snoRNA
sequence, such as Microsporidia, Mucoromycotina, Chytridiomycota, or Blastocladiomycota.
Seven families are exclusively found in Saccharomycotina (red box ’A’ in Figure 4.3) and
one family is even specific to the Candida genus (see the red #). For Pezizomycotina, nine
families are exclusively found in the clade (red box ’B’) while six snoRNA families appear to
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Figure 4.3. A heatmap of snoStrip-detected box C/D snoRNAs is shown on the previous
site. Each column represents a specific snoRNA family, while each row either represents
a certain species or genus. A taxonomic classification is shown on the left hand side.
The amount of snoRNAs detected in a specific species and snoRNA family is encoded
in a blue color scheme. Lineage specific families are boxed (A: Saccharomycotina, B:
Pezizomycotina, C: Sordariomycetes). Single snoRNA detections in lineages without any
other predictions are either marked with ’X’, ’⋆’, or ’ !’, depending on their family-specific
functionality. For further details see text.
be specific to Sordariomycetes (red box ’C’). When mapping the organisms of the five original
datasets onto the taxonomic tree, it does not come as a surprise that lineage specific snoRNA
families are solely detected in Saccharomycotina, Pezizomycotina, or even Sordariomycetes.
Despite the fact that a snoRNA family might be conserved over large evolutionary distances,
it is not inconvenient that it might have been lost in a certain lineage or subtree. Basid-
iomycota, for example, are not found to contain orthologs of families CD 8, CD 16, or CD 37
although they are functionally present in early branching fungi and Ascomycota. In Saccha-
romycotina, on the other hand, no trace is found of snoRNAs belonging to family CD 41;
members of CD 40 are not detected in Eurotiomycetes, while Sordariomycetes are attested
to miss homologs of families CD 47 and CD 68. There might be more such lineage specific
deletion events, since quite a few lineages are found to exactly contain one organism carrying
orthologs of a certain snoRNA family. To define whether this is a true loss in a complete
subtree or not, single sequence targets were compared to the family-wide conserved targets.
Each such occurrence is marked in red in Figure 4.3 in accordance to one of the following
three categories: 1) no guiding function for family-annotated target is predicted (’X’), 2)
moderate binding activity is detected (mfe is above -16 kcal/mol; ’⋆’), and 3) extraordinary
binding capability is predicted (mfe is below -16 kcal/mol, ’ !’).
Box H/ACA snoRNA Families
In case of box H/ACA snoRNAs, each snoRNA family is mostly found to contain one par-
alog in species that encode this family, see Figure 4.4. Merely a few families are detected
that contain two or three paralogs in particular organisms, but there are no lineage specific
increased copy numbers, as they are found in box C/D snoRNA families. In similarity to
the former mentioned C/D class, P.placenta shows an increased amount of paralogs in half
of its snoRNA families (2 sequences in 5 out of 10 families). A similar pattern is observed
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Figure 4.4. A heatmap of snoStrip-detected box H/ACA snoRNAs is shown on the previous
site. Each column represents a specific snoRNA family, while each row either represents
a certain species or genus. A taxonomic classification is shown on the left side. The
amount of snoRNAs detected in a specific species and snoRNA family is encoded in a
blue color scheme. Lineage specific families are boxed (A: Schizosaccharomycotina, B:
Saccharomycotina, C: Pezizomycotina). Single snoRNA detections in lineages without
any other predictions are either marked with ’X’, ’star’, or ’ !’, depending on their family-
specific functionality. For further details see text.
in Atractiellales sp, while, in contrast to box C/D snoRNA, N.fulvescens or B.cinerea do not
show increased copy numbers.
Only eight families (out of 50) are detected in early branching fungi and Dikarya. None
of these is detected in Microsporidia leaving this clade completely without any annotated
snoRNA candidate. It is apparent, however, that the heatmap of box H/ACA snoRNAs
shows substantially more lineage specific innovation and deletion events, i.e., snoRNAs are
solely present or absent in certain a subtree, than observed in box C/D snoRNAs, cf. Figures
4.3 and 4.4.
In total, seven families are exclusively found in Schizosaccharomyces (red box ’A’ in Figure
4.4), five in Saccharomycotina (red box ’B’), four in Saccharomyces, four in Pezizomycotina
(red box ’C’), and two are exclusively present in Neurospora. Summing up to 22 out of 50
H/ACA families that are merely found in a small subset of species. Moreover, several families
are found in two or more lineages but seem to be completely lost in others, such as HACA 33,
HACA 56, and HACA 24. They are present in Taphrinomycotina and Saccharomycotina but
cannot be found in Pezizomycotina. In other families it occurs that just a single snoRNA
molecule is detected amongst all organisms of a particular lineage raising the question whether
this sequence is indeed functional or the remains of the vanished snoRNA gene. Several such
cases are marked in Figure 4.4. Furthermore, their target binding ability is classified to
better capture the implication made by these single snoRNA: Categories are ’non-functional’
(red ’X’), i.e., the snoRNA is not predicted to bind the conserved and annotated target,
’marginal functional’ (red ’⋆’), meaning that the predicted mfe is above -30 kcal/mol, or ’highly
functional’ (red ’ !’) stating that the family specific target region can be bound extraordinary
well. In seven detected cases, two are found to be non-functional, two are found to be
functional with a minimum free interaction energy above -30 kcal/mol, while the remaining
three sequences are predicted to bind the target region exceptionally.
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Another noticeable observation is that not a single box H/ACA snoRNA is found in Pyrenophora
tritici-repentis (marked with an asterisk in Figure 4.4). This stands in sharp contrast to C/D
snoRNA sequence, where P.tritici-repentis orthologs are found in nearly all families that are
present in the P.tritici-repentis-containing Dothideomycetes lineage.
4.3 General Analyses on snoRNA Characteristics
In the following analyses, all snoStrip-derived snoRNA candidates are checked for canoni-
cal snoRNA characteristics, e.g., type-specific box motifs, secondary structures, and specific
lengths.
Box Motifs
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Figure 4.5. Sequence logos of snoRNA specific
box motifs. Box motifs were extracted from
all snoStrip-annotated box C/D snoRNAs
(5593 sequences) and box H/ACA snoRNAs
(2331 sequences). Pictures were generated
with WebLogo.
The box motifs shown in Figure 4.5 were
created from all snoStrip-annotated snoR-
NAs and follow in general the propagated
rules for canonical snoRNA box motifs.
Box C (RTGATGA) and D (CTGA) match
the consensus sequence motifs almost per-
fectly only showing slight variations. Box
C, for example, shows a purine (R) in 92%
of all cases at its 5’ and 3’ end, respec-
tively. The 5’ GA dinucleotide is actually
present in all detected snoRNA candidates.
In case of box D, the most 5’ nucleotide
shows small mutations (4.2%) mostly to-
wards an adenine but the remaining posi-
tions are highly conserved (≥99.7%).
This picture changes dramatically when fo-
cusing on prime box motifs. For box C’,
merely the 5’ TG dinucleotide and, to a
lesser extent, the trailing GA dinucleotide
show high conservation which might indi-
cate a potential role of these positions in
the binding of snoRNP associated proteins.
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Figure 4.6. Length distributions of snoRNA sequences. Distances between characteristic box
C/D snoRNA motifs can be seen in (a), while hairpin length of box H/ACA snoRNA
are depicted in (b). Due to visibility reasons, extraordinary long families such as CD 53,
HACA 12 (snR30), and the Saccharomycetes specific families HACA 36, HACA 41 were
excluded from these boxplots.
In case of box D’, the presence of the presumed canonical nucleotide is favoured in each
position, although variations occur quite frequently (between 15% and 45%).
In case of box H/ACA snoRNAs, the sequence of box ACA is highly conserved with slight
variations in its middle position. Box H (ANANNA) on the other side comprises highly
conserved adenine residues in its 1st and 3rd position while the trailing adenine is more
variable. The 2nd position of this motif is a guanine in nearly 80%, whereas the other ”N”
associated positions (4th and 5th position) do not show a favored nucleotide.
Distances
Both major snoRNA classes, box C/D and box H/ACA, are also clearly distinguishable
based on their distinct sequence lengths. In accordance to the published canonical length
distribution, 90% of the novel snoStrip-annotated box C/D snoRNAs are found to be 81nts
to 134nts in length. The median length is 93nts, see Figure 4.6(a). Family CD 53 is the only
exception since its members share sequences with lengths between 200 and 300nts. Crucial
features are the distances between box C and the potential box D’ as well as between box
C’ and D since these stretches harbor the target binding sites. Hence they need to provide a
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sufficient length. In case of box C/D’ distances, the minimal gap is found to be 11nts while
the median space is 24nts long. The gap between box C’ and box D seems to be smaller.
The shortest distance is 9nts long while the median is 22nts. The distance between both
prime boxes is not known to be of significant relevance. A single requirement is given by a
minimal distance of at least 2nts to form another kink-turn motif with the aid of snoRNP
associated proteins. Larger distances do not pose a problem. Within the novel fungi snoRNAs,
the shortest distance is 3nts while 80% of all prime box annotated sequences possess gaps
between 6 to 31 nucleotides.
In contrast to box C/D snoRNAs, box H/ACA snoRNAs are reasonably longer. Their me-
dian sequence length is 188nt, see Figure 4.6(b). The shortest sequence being annotated by
snoStrip is 115nts while 90% of all sequences are between 148 and 266nts long. When com-
paring both hairpins, no significant difference can be observed. Both share similar median
values of 85nts and 79nts for hairpin 1 (HP1) and hairpin 2 (HP2), respectively. Solely the
length distribution of HP2 sequences is a little bit tighter than for HP1. Extraordinary long
snoRNAs can be found in families HACA 36 (snR86) and HACA 41 (snR84) with lengths of
∼1000nt and ∼600nt, respectively. Family HACA 12 (snR30), which is ∼600nt long, provides
an exceptional secondary structure with extensively enlarged 5’ hairpins and hinge regions,
where the latter one is also able to form a so-called internal hairpin [Fayet-Lebaron et al.
2009].
Secondary Structures
Due to its specific post-transcriptional processing by exonucleases, i.e., both trailing ends of
box C/D snoRNAs are cut not farther than 5 nucleotides apart from box C and D, respectively
[Kishore et al. 2013], secondary structures were first of all analyzed with respect to the
naturally occurring snoRNA molecule. Owed to these rather short ends, only a small subset
of snoRNA sequences were found to be capable of folding a short stem (1208 of 5595). When
the trailing ends are enlarged to 10nts instead, a stem was detected in nearly 60% (3317) of all
sequences. A distribution of predicted stem lengths is shown in Figure 4.7(a). Based on the
observations by Kishore et al. [2013] and the findings that even though enlarged molecules on
both 5’ and 3’ ends lead to a bigger amount of detected secondary structures, a rather large
fraction of snoRNAs is still unable to fold into a characteristic hairpin. This indicates that a
specific naturally occurring secondary structure is probably not needed for box C/D snoRNAs
to function. In consequence, snoRNP-associated proteins may take charge of bringing the
RNA molecule and the assembled proteins into the correct functional conformation.
In contradiction to box C/D snoRNAs, box H/ACA snoRNAs are required to develop a
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(a) box C/D snoRNA (b) box H/ACA snoRNA
Figure 4.7. (a) Comparison between potential stem length between trimmed box C/D snoRNAs
and molecules with extended tails. (b) Discrimination of hairpin lengths and minimum free
energy for the first and second hairpin of box H/ACA snoRNAs. Each hairpin is folded
without restrictions and with the constraint that the nucleotide 14 positions upstream of
the respective box motif has to be unpaired. The smoothed conditional means were fitted
using polynomial regression.
significant and specific secondary structure in order to function appropriately. Only 15%
(395 of 2269) of all snoRNAs were not found to develop a hairpin like structure in both
hairpins. An additional folding procedure was applied with the slight constraint that the
14th position either upstream of box H or ACA is forced to be unpaired. This constraint
should enable the folding algorithm to ”open” the pseudouridylation pocket by predicting
an interior loop at this position. However, when the natural folding is compared with the
constraint one, it is apparent that mfe values are nearly identical. This clearly indicates that
the in vivo folding already supplies sufficient access to the bipartite anti sense element. The
snoRNP associated proteins have a rather stabilizing role than to mould the sequence into a
specific shape, as it seems to be the case for the box C/D snoRNP.
4.4 Phylogenetic Analysis of Fungal snoRNAs
In the following, a general analysis on evolutionary innovation and deletion events on sequence
and family level is presented. To precisely determine evolutionary events leading to innova-
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tions and losses, an adapted version of the ePope tool was applied. This tool was originally
developed to trace the evolutionary history of microRNAs [Hertel & Stadler 2015], but the
general principal is transferable to a snoRNA level and works as follows. To efficiently com-
pute the last common ancestor (LCA) of snoRNA families, a preorder for the NCBI-derived
taxonomic tree T of the 147 fungal organisms has to be determined at first. For each family
m, the algorithm searches for the first leaf p and the last leaf q (according to this preorder)
in which the snoRNA family is present. The LCA is then the first node at which the path
from p and q to the root coincide.
Innovation and Deletion Events
Absolute innovation and deletion events are mapped to the nodes of the NCBI-derived taxo-
nomic tree shown in Figure 4.8. This figure depicts events at the root of major fungal clades
up to a level of families and orders. Innovation and deletion events on species level are shown
in Figure 4.9. Therein, events are displayed in a relative manner. In both images, it is clearly
visible that a large amount of snoRNA families has evolved at each major branching point
along the backbone of the fungal taxonomic tree. In case of box C/D snoRNAs, 34 families
are already present at the root of fungi, indicating a potential ancient origin. At the root of
Dikarya, Ascomycota, Saccharomyceta, and Pezizomycotina, a total amount of 9, 3, 6, and 10
families arose. A similar picture is drawn in case of box H/ACA snoRNAs where 7 families
are already present at the root of fungi and additional 7, 10, 4, and 3 families are gained at
the root of Dikarya, Ascomycota, saccharomyceta, and Pezizomycotina, respectively. These
bursts in the growing snoRNA family repertoire are also nicely visible in the relative drawing
of gain and loss events. At a first glimpse it might surprise that solely the major branch
points in the taxonomic tree show innovation events, but when keeping in mind that the
homology-based approach is based on a experimentally verified set of snoRNAs in five dis-
tinct organisms, it is a quite logical result that innovation events are exclusively detectable
at nodes leading to the leaves that represent these five species. It is apparent, however, that
in each subtree several snoRNA families seem to be completely lost. The relative impact and
interpretation of such losses surely depends on the amount of species that are summarized in
this particular subtree, i.e., it is thoroughly possible that a specific fraction of defined dele-
tions might be false positives because of too few organisms in this region, and the amount of
snoRNA families detected at the parent node. Major losses in both, an absolute and relative
point of view, can be seen in Microsporidia which are found to harbour only two distinct
box C/D snoRNA families while all remaining C/D and H/ACA families are not detectable.
Gardner et al. [2010] formerly mentioned the remarkable absence of snoRNA genes in this
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clade, although all components of the snoRNA machinery are clearly present. They argued
with a lack of experimental investigations and only insufficient bioinformatic methods. How-
ever, the more sophisticated snoStrip approach was also not able to detect a great variety
of snoRNA genes which might point at a rather diversified snoRNA repertoire compared to
other fungal lineages. On the contrary, losses of seven or more families at a particular point
in the tree, have only a little relative effect when a large fraction of snoRNA families has been
gained before, cf. losses of Dothideomycetes (-8 C/D, -8 H/ACA) and Eurotiomycetes (-7
C/D, -10 H/ACA) in the absolute and relative depictions, Figures 4.8 and 4.9, respectively.
When focusing on species level, it is frequently observed that single organisms seem to have
lost a large amount of their snoRNA repertoire. In particular, species in the Basidiomycota
lineage miss a fairly high portion of their snoRNAs. Especially W.sebi and several Puccin-
iomycota seem to have lost nearly their entire set of box H/ACA snoRNAs (W.sebi : 0.92,
R.minuta: 0.86, or S.linderae: 0,86). The impact on box C/D snoRNAs is more moderate
(0.26 on average). A potential correlation with significantly smaller genome sizes in Puccin-
iomycota was not detected (data not shown). The previously mentioned loss of the entire box
H/ACA snoRNA set in Pyrenophora tritici-repentis is clearly visible in the relative depiction
of loss events. Other organisms such as P.anserina and O.piceae also show an increased loss
rate (P.anserina: 0.15 C/D and 0.13 H/ACA; O.piceae: 0.30 C/D and 0.42 H/ACA).
Novel Candida albicans snoRNAs are Lineage Specific
To investigate the fate of intron encoded ncRNAs in species that suffered massive intron
loss, Mitrovich et al. [2010] identified novel snoRNA sequences in different species including
C.albicans based on de novo prediction and expression values. For C.albicans, 40 potential box
C/D snoRNA sequences were annotated and 36 of them showed high sequence similarity to
known budding yeast snoRNAs. One of the remaining sequences shares a homologous target
binding region with a known N.crassa snoRNA (CD 39), while the other three candidates
combine no obvious homology to already published snoRNAs. A brief summary of the latter
snoRNAs is given in the following paragraph.
Family CD 69 is named LSU-C2809 in Mitrovich et al. [2010] and is found in all other Candida
organisms and two additional Saccharomycotina when snoStrip is applied. The remaining
organisms of this lineage were not attested to encode a homologous sequence. The initially
predicted target interaction with 25S-4055 (C.albicans: 25S-3118) is also highly conserved
across all identified snoRNAs (ICI score: 1.813). Homologs of the C.albicans sequence CD 71,
which is named LSU-G1431 in the original publication, were successfully traced in most
Saccharomycotina, except for Saccharomycetaceae. The extraordinary ICI score of 1.289
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Figure 4.8. Innovation and deletion events in fungal snoRNA evolution.
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indicates a highly conserved target binding capability with position 25S-2490 (C.albicans:
25S-1740). The third novel snoRNA candidate CD 72 (named LSU-G364 in the paper) was
solely detectable in two closely related species, C.dubliniensis and C.tropicalis, respectively.
Although all three sequences show a highly conserved target region upstream of box D, it is
not possible to reliably identify a conserved target interaction based on such a small set of
closely related organisms. This is due to conserved snoRNAs on the one hand and, obviously,
highly conserved target RNAs on the other hand. This makes each predicted interaction that
is traceable in a single organisms also traceable in the other species. In case of this particular
family, six potential target interactions have an ICI score above 0.9 although their mean
minimum free binding energy is relatively high (between -7.3 and -9.0). This fact makes the
decision which might be the true modification almost impossible.
Please note that the originally denoted modification sites are not equal to the C.albicans
specific modification sites published here since different 25S rRNA sequences have been used.
The authors named their novel identified sequences with respect to their target predictions
but die not provide the corresponding targetRNA sequences.
Fission Yeast Specific snoRNAs
Similar to C.albicans, several snoRNAs published in the fission yeast [Li et al. 2005] are
found to be lineage or even species specific. These six families will be briefly characterized
in the following paragraph. HACA 46 (AJ632008 in the paper) is annotated to be a double
guiding snoRNA and shows indeed two conserved pseudouridylation pockets in both hairpins
across the four members of Schizosaccharomyces. The predicted modification site for hairpin
1 (HP1) is also known to be modified in S.cerevisiae (25S-2314) and human. SnoRNA family
HACA 36, which contains the budding yeast sequence and is confirmed to guide pseudouridy-
lation at this precise position, is merely a functional homolog to the Schizosaccharomyces
specific HACA 46 snoRNA since the functional target binding site resides in hairpin 2 (HP2)
instead of the first hairpin. A similar situation is found in HACA 47 that shares a conserved
and annotated HP2 target (25S-2060). This position is again known to be modified in both
budding yeast and human. But although both ASEs are located in hairpin two in S.pombe and
S.cerevisiae sequences of both groups share far too little sequence similarity to be denoted
as homologous families on sequence level. However, they are clearly functional homologs.
While families HACA 50 and HACA 55 are present in all Schizosaccharomyces species the
true modification site remains secret. The putative target in snoRNA HACA 50 was neither
found to be conserved in other Schizosaccharomyces and conserved predictions for the orphan
target sites in HACA 55 have not been detected by snoStrip.
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The three sequences HACA 45, HACA 49, and HACA 56 are exclusively found in S.pombe.
The correct assignment of a functional modification site is nearly impossible for single se-
quences, and hence these originally orphan guides remain orphan.
4.5 Conservation of Target Interactions
The following section will give detailed information about the functionality and conservation
of target interactions in fungal snoRNAs. In accordance to their conserved function, each
snoRNA family can either be classified as single guide, double guide, or orphan snoRNA.
Single guide sequences share a conserved and functional anti sense element either upstream
of box D or D’ in box C/D snoRNA or either in hairpin 1 (HP1) or hairpin 2 (HP2) in
box H/ACA snoRNAs. Double guide snoRNAs, on the other hand, exhibit functional target
binding regions in both positions. Orphan snoRNAs are not found to share a conserved
ASE. These definitions are based on conserved target interactions, meaning that most or
all members of a certain snoRNA family are predicted to guide the conserved interaction.
Normally, each individual snoRNA is predicted to be capable of binding several regions of
different targetRNAs. But target predictions that are based on single sequence predictions
are not overly convincing in a biological point of view.
The experimentally validated database comprised a set of five organisms with an original
amount of 161 annotated box C/D snoRNAs and 70 annotated box H/ACA snoRNAs. Due
to aberrant sequence identity and conserved target interactions, snoStrip was able to au-
tomatically organize these snoRNAs in 68 box C/D snoRNA and 50 box H/ACA snoRNA
families.
Within the 68 box C/D snoRNA families, the large majority (40) is found to be true single
guides. 28 families share a functional D’ target and the remaining 12 families a conserved
D box associated binding site. An additional amount of 14 box C/D snoRNA families are
predominantly found to be single guides, i.e., these families share exactly one highly conserved
target binding region (three families share a conserved D target while 11 families share a
functional D’ target), whereas the other target region is only found to be functional in small
subset of organisms. Eight families harbor two functional target binding regions that are
conserved throughout all lineages where these families are detected. Six families are originally
denoted as orphan snoRNA meaning that no potential interaction has been published thus
far. In case of box H/ACA snoRNAs, 23 families are true single guides: 8 families share a
conserved pseudouridylation pocket in hairpin 1 and 15 families share a HP2 target. Further
6 families comprise a lineage specific HP2 target besides their overly conserved target in
95
4. The Fungal snoRNAome
Figure 4.10. Pie chart of both major snoRNA classes. A snoRNA family is classified based
on its conserved target prediction either as single guide (sg), single guide with a lineage
specific target in its non-conserved target region (lin), double guide (dg), or orphan.
hairpin1. The mirrored situation can be seen in 3 box H/ACA snoRNA families. 11 families
are found to be double guides, while 7 families are orphan. A summary of the snoRNA
classification can be seen in Figure 4.10. Detailed information about each family and the
snoStrip-assigned target interactions, e.g., alignment position of the modification site, ICI
scores, and mean minimum free energy values, can be found in the appendix in section A.8
4.5.1 Fungal box C/D snoRNAs
Single Guide box C/D snoRNAs
Single guide snoRNAs share exactly one conserved target binding site, either upstream of
box D or box D’. This does not necessarily mean that individual species or small groups of
organisms did not develop a functional anti sense element in front of their ’non-functional’
box. Because of the small amount of organisms where such an interaction might be predicted,
it is impossible to confirm these interactions without experimental assistance. However, evo-
lutionary conserved target binding capabilities are clearly discernible by a highly conserved
binding pattern in the family-wide multiple alignment, and hence in an increased ICI score.
Single box C/D snoRNA families with an extraordinary conserved D’ target can be seen in
Table A.14.
Boxplots of ICI scores that were retrieved for annotated targets on SSU and LSU are shown
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for both major snoRNA classes in Figure 4.11.
When the general observations are also analyzed with respect to the position of the ASE
within the snoRNA molecule, the mean ICI score for D’ targets located on 25S rRNA is
1.26 (based on 20 families) while for targets on 18S it is calculated to be 1.43 (8 families).
This difference is in agreement with the position independent results shown in Figure 4.11
and might be explained due to a better availability of small subunit rRNAs. It is further
noticeable that the majority of these families are at least found across all Dikarya lineages
(19 families) where some families are additionally traceable in early branching fungi. Beside
the sole presence of these snoRNAs, the functional target binding was also predicted in all
major lineages indicating evolutionary conserved snoRNA-targetRNA interactions for these
families.
box C/D snoRNAs box H/ACA snoRNAs
0.5
1.0
1.5
2.0
18S rRNA 25S rRNA 18S rRNA 25S rRNA
rRNA class
IC
I
Figure 4.11. Summary of ICI scores of box C/D
snoRNA and box H/ACA snoRNA targets
located on different target RNA classes.
On the contrary, no significant ICI score
could be identified for potentially conserved
guiding abilities upstream of box D. This
is either based on an undersized amount
of predicted and aligned interactions (e.g.
CD 2 has a predicted D target that is con-
served amongst 10 species of different lin-
eages) or on weak mean interaction energies
(e.g. CD 8 has 43 predicted interactions
with a mean mfe of -9.24). In both cases, a
profound statement about the correctness
of such interactions in an biological point
of view is not feasible.
12 box C/D snoRNA families are found to contain evolutionary conserved ASE upstream of
box D without a recognizable target in front of box D’. One half of them shares targets on the
small subunit with a mean ICI score of 1.786, while the other half shares targets on the large
subunit with a mean ICI score of 1.402 . Five families are present in all fungal lineages except
for Microsporidia, whereas the remaining families are either specific to Saccharomycotina (4)
or Pezizomycotina. A detailed summary of these families can be found in the Appendix, see
Table A.13.
Not all of the snoStrip-detected D box target interactions have been annotated before. The
originally published target for family CD 40, 25S-3282 (N.crassa 25S-2065), was denoted to be
bound by the D’ ASE as the only functional target of this snoRNA. However, due to missing
sequence conservation in that region, this specific target is not found to be evolutionary
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conserved within Pezizomycotina. Just the opposite can be written about its D target: no
original target was reported, but the extraordinary conserved ASE in front of box D fits the
region around 25S-3061 in the large subunit quite well, resulting in a high ICI score (0.78) with
a fairly low mean mfe (-17.05 kcal/mol). Please take into account that the ICI score cannot
be extraordinary high when only half of all detected snoRNA-containing species (13/26) are
incorporated in the 25S alignment. Therein, 12 of these 13 species are actually predicted to
guide the modification.
Since snoRNAs with a supposed non-functional D’ ASE do not underlie certain evolutionary
pressure to retain the sequence in accordance to a particular targetRNA, no obvious target
region is detectable. Hence, no unambiguous D’ box motif is extracted and in consequence,
no target prediction was applicable.
Additional Lineage Specific Targets
Quite a few box C/D snoRNA families harbor a highly conserved target either at their D
or D’ position. However, in a large amount of cases, it might be that these families exhibit
additional lineage specific target binding capabilities on their ’non-functional’ ASE. Such a
functionality might have evolved at a specific time point during evolution, and because of a
potential benefit, is retained in all of today’s organisms descending from this ancestor.
Interesting box C/D snoRNA families with a previously annotated functional D’ targets and
lineage specific D targets can be seen in Figure 4.12. Detailed information about all snoRNA
families with a second but lineage specific target are given in Table A.15.
Family CD 10, for example, with its experimentally verified target 18S-479 (S.cerevisiae 18S-
436, D’ target), is detected in all analyzed fungal lineages except for Microsporidia. Besides
the functional D’ region, all Pezizomycotina species, whose large subunit rRNA is available,
are also predicted to guide an additional target upstream of their D box. The target 25S-
2066 (N.crassa 25S-1042) has an ICIsno score of 0.399 amongst members of CD 10 and the
mean mfe is -13.19 kcal/mol. CD 11 was shown to guide the methylation at position 18S-894
(S.cerevisiae 18S-796, D’ target) in the budding yeast. The snoStrip-analysis confirmed the
snoRNA and this specific target interaction in a wide range of fungi although it is missing
in some lineages, e.g., Chytridiomycota, Blastocladiomycota, or the greater part of Basid-
iomycota. An additional D’ target, U6-62 (S.cerevisiae U6-45), was originally published by
Liu et al. [2009a] based on single sequence prediction. This interaction is also confirmed by
snoStrip. More precisely, the guiding capability is predicted in all snoRNAs that were pre-
viously found to guide the 18S-984 target, except for Saccharomycetaceae, see Figure 4.12.
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Position 45 in U6 snRNA was not found to be modified in several surveys in the budding yeast
[Machnicka et al. 2013, Massenet et al. 1998], whereas no such information can be found with
respect to most other fungal species. Since the ICI score for the U6 target is only marginal
smaller than for the 18S target, 0.89 to 0.94, respectively, and the mean mfe value is found to
be -13.78 kcal/mol (18S-894: -17.34), it is thoroughly possible that this snoRNA is capable of
modifying both targets. However, two potential, additional targets can be found for the ASE
upstream of box D: 25S-1153 and 25S-1796 (N.crassa 25S-359 and 25S-790). Both candidates
are predicted throughout all Pezizomycotina species and, surprisingly, Taphrina deformans,
a relative to the fission yeast. The first interaction is additionally found in Yarrowia lipoly-
tica, which is closely related to the budding yeast. Because of its extraordinary low mean
minimum free energy of -21.12 kcal/mol, this target is assigned a high ICI value of 0.94. The
second putative interaction has an ICI score of 0.48 and a mean mfe of -11.50. When ana-
lyzing these results, it seems promising that both predicted interaction are indeed functional,
despite experimental evidence.
A highly interesting modification site is 25S-3941 (S.cerevisiae 25S-2724) whose actual methy-
lation and the guidance by snR67 (S.cerevisiae) was experimentally shown [Lowe & Eddy
1999]. The family CD 26, which harbors this budding yeast guide sequence, shares a con-
served D’ target 25S-3836 (S.cerevisiae 25S-2619) that is predictable in all Dikarya except for
Dothideomycetes, Eurotiomycetes, and Leotiomycetes (ICI: 0.86, mean mfe: -23.03 kcal/mol).
The D target 25S-3941, on the other hand, is solely found in Saccharomycotina (ICI: 0.23,
mean mfe: -15.34). Nevertheless, this modification seems to be of major importance since
it can be traced as an additional target to single guide snoRNAs in four different families.
Besides CD 26, family CD 6 is found to share this target as a conserved D box interaction in
Onygenales and in a part of Dothideomycetes (ICI: 0.15, mean mfe: -15.46). In the remaining
part of Dothideomycetes, Pleosporales, sequences of snoRNA family CD 30 are found to guide
this interaction (ICI: 0.06, mean mfe: -14.90). In a fourth family, CD 49, the modification at
25S-3941 is predicted in Sordariales (ICI: 0.07, mean mfe: -14.14). These scattered interac-
tion might have two different explanations; the interaction was either a subject of different
target switches or it was completely lost at some point in fungal evolution. The latter sce-
nario might have caused severe effects in development or growth of certain species such that
the interaction might be reinvented in different lineages. However, either way indicates an
importance for this specific methylation.
Another family with a highly conserved D’ target and a partial D target is CD 51 (S.cerevisiae
U24). According to the UMass-Database, this box C/D snoRNA is capable of guiding the
methylation at position 25S-2494 (S.cerevisiae 25S-1437; D target) and 25S-2508 (25S-1449;
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Figure 4.12. The conservation of predicted target interactions is shown for interesting single
guide box C/D snoRNA families that exhibit an additional functional target at their ’non-
functional’ D box. Each family is depicted in a different color. The black bar in front of
each family shows the presence of the family in a certain lineage or organism. The color
bar shows that at least one target interaction was predicted in that lineage. The respective
family name and target site can be seen on top while the alignment position and the
corresponding ICI score are shown at the bottom. Experimentally confirmed interactions
are denoted with ’*’.100
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D’ target). It is further assumed that the tandem-methylation at position 25S-2509 (S.cerevisiae
25S-1450) is also guided by the D’ region. The snoStrip-analysis clearly indicates a high
evolutionary pressure to retain the snoRNA-targetRNA interaction upstream of box D’. The
ICI-score is 1.13 with a mean minimum free-energy of -16.28 kcal/mol. 83 target interactions
are predicted amongst the 162 snoRNAs of this family and they are spread over all fungal
lineages except for Microsporidia. The previously published interaction of the ASE upstream
of box D is also clearly traceable in a wide range of different fungi although it is not conserved
throughout all species. It is completely missing in Chytridiomycota, Blastocladiomycota, the
Schizosaccharomyces genus, and nearly all Pezizomycotina with the exception of Neurospora.
In N.crassa, another box C/D snoRNA capable of guiding the presumed target 25S-2494 has
been published by Liu et al. [2009c]. This sequence is not detectable outside of the Neu-
rospora genus and, interestingly, should bind with its D’ ASE to the predicted target. Due
to wrong annotated boxmotifs in the original publication, this prediction could not be con-
firmed. Furthermore, the detection of a TGTA repeat which can be seen in the N.crassa and
N.tetrasperma sequences raises the possibility that these sequences are pseudogenes.
Double Guide snoRNAs
Solely a minority of all box C/D snoRNAs is found to contain two overly conserved target
regions upstream of box D and D’. However, none of these six families is traceable amongst all
major fungal lineages. Two families, CD 17 and CD 35, are found in Pezizomycotina while
CD 67 is exclusively found in Saccharomycotina. The remaining families are either found
in Sordariales (CD 32), a subgroup of Sordariomycetes, or in Glomerellales and Neurospora
(CD 29). The latter snoRNA is predicted to guide the adenosine methylation at position
U2-49 (N.crassa U2-31). The exact same position is known to be modified with a reversible
N6-methylation in the fission yeast. There, protein ’writers’, ’eraser’, and ’reader’ of such
modifications add another dynamic level to reversible RNA modifications, see review of Fu
et al. [2014]. Detailed information on targets and the conservation of interactions for double
guide box C/D snoRNAs can be found in the appendix, cf. Table A.16. Please note that
both snoRNA clans CD 5 and CD 19, which are described in great detail later on, are also
counted as double guides in Figure 4.10.
Targets for Orphan snoRNAs
Orphan snoRNAs are sequences without a known target interaction on both potential anti
sense elements. In the originally published snoRNA datasets of five different fungi, orphan box
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C/D snoRNAs were annotated for S.cerevisiae (2), N.crassa (2 sequences), and A.fumigatus
(10). In the latter set, AM921943 is treated as box H/ACA snoRNA instead and will be
discussed separately. In addition to sequences without any known function, several snoRNAs
have been published with predicted targets based on single sequence target prediction only.
Since there is usually more than just one valuable prediction for a single snoRNA sequence,
these predictions might be misleading until they are evaluated under the light of evolutionary
conservation or the original snoRNA sequences are mapped to species with verified targets,
for example the budding yeast. Box C/D snoRNAs with annotated targets that are based on
single sequence prediction were published for N.crassa (11 sequences).
A detailed summary of these sequences and their predicted targets with respect to evolution-
ary conservation is shown in the appendix, see Table A.17. Potential and highly conserved
targets that are predicted by snoStrip are displayed in Table 4.2.
Table 4.2. Assigning putative targets to previously
orphan box C/D snoRNAs. Families that do not
contain sequences with experimentally verified tar-
gets are marked with ’*’.
original target snostrip
name
box
position
ICI score
name
CD 53 D’ 25S-3500 0.71 CD 53*
CD 54 D’ U60-70 1.43 CD 54*
AM921936 D’ 25S-4198 1.50 CD 36
AM921937 D’ 18S-479 1.13 CD 31
AM921938 D’ 25S-3474 1.19 CD 7
AM921939 D’ 18S-179 1.09 CD 15*
AM921940 D 18S-849 1.21 CD 41*
AM921941 D’ 18S-630 1.36 CD 24
AM921942 D 18S-456 1.71 CD 37
AM921944 D’ 18S-1083 1.57 CD 49
AM921945 D’ 25S-3836 0.86 CD 26
Unfortunately, potential targets for
both orphan N.crassa snoRNAs are
not unambiguously discovered by
snoStrip. The best prediction yields
an ICIsno score of 0.71 for fam-
ily CD 53 and is loosely found in
several Pezizomycotina species (25S-
3500, mean mfe: -11.56). The second
family (CD 55) is exclusively found in
Neurospora preventing a functional
analysis of potential targets based on
conservation aspects.
In case of both budding yeast snoR-
NAs (snR4, snR45), no potential tar-
get is found across canonical target
sequences, although family snR4 is
found to be present in several fungal
lineages such as Taphrinomycotina,
Saccharomycotina, and several Pez-
izomycotina species. Family snR45,
on the other side, is exclusively found in Saccharomycetaceae.
The picture looks much better in case of A.fumigatus orphan snoRNAs. The snoStrip
pipeline was able to map seven out of nine orphan box C/D snoRNAs to families were an
102
4.5. Conservation of Target Interactions
experimentally validated target is present. These target interactions are also predicted in
A.fumigatus. Both remaining families (marked with ’*’ in Table 4.2) are traceable in the
majority of Pezizomycotina species and putative target sites are also conserved making the
snoStrip results plausible despite a missing experimental verification.
The set of 11 N.crassa snoRNAs, with predicted targets but without homologous relations
to other known snoRNAs, comprised 16 distinct targets published in the first place. Ten of
these targets were confirmed by conservation using the snoStrip pipeline. Three targets were
annotated as tRNA modification sites and hence, are not checked in this study. However,
these target regions show no conserved and obvious base pairing capabilities to canonical
target RNAs such as rRNAs or snRNAs. The three remaining target sites were predicted
based on falsely detected D’ box motifs and thus, are neither biologically correct nor conserved
across species. In two cases, evolutionary conserved box motifs are identified and convincing
target sites are predicted by snoStrip (CD 10, D’ target, ICI: 1.13; CD 26, D’ target, ICI:
0.86), see Table A.17.
Family CD 54 was originally published to guide modification at 25S-1648 (N.crassa 25S-667;
D target) by Liu et al. [2009c]. By means of snoStrip, family CD 54 is detected amongst all
Pezizomycotina lineages and a highly conserved target region is clearly visible upstream of
box D’, which was originally denoted as orphan. This region shows convincing base pairing
capabilities to U6-70 (N.crassa U6-55) in virtually all identified organisms. The high ICIsno
score of 1.43 and the low mean mfe of -18.10 kcal/mol further promote the correctness of this
prediction, see Table 4.2. The initially annotated target, on the other hand, is not found to
be conserved outside of Neurospora.
Target Switches between snoRNA Sequences
It is a normal process that during the course of evolution novel guiding interactions are
acquired or present ones are lost in different species or lineages. It is, however, much more
uncommon that some target interactions are translocated from one snoRNA to another. The
position of the ASE within the snoRNA sequence, upstream of box D or D’, is often preserved
but it happens occasionally that this position is also shifted. In the following, two highly
interesting snoRNA clans are described in great detail. Each clan comprises two or more
different snoRNA sequences per family, guiding different target modifications. Somehow
during evolution, these snoRNA became connected to each other because of target switches
or rearrangements.
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snoRNA Clan CD 5
The ’clan’ CD 5 comprises three distinct budding yeast snoRNA sequences (snR60, snR72,
and snR78) which at first sight do not share a common evolutionary background. snR60
was verified to guide methylations at 25S-1898 (single sequence 25S-908, D target) and 25S-
1806 (25S-817, D’ target), snR72 guides the methylation at 25S-1866 (25S-876, D target),
and snR78 was shown to direct the modification at position 25S-3615 (25S-2421, D’ target).
Properties of snoRNA-targetRNA interactions as they were predicted by snoStrip are shown
in Table 4.3. The methylations at position 25S-1806, 25S-1898, and 25S-3915 map to known
and verified modifications in human large subunit ribosomal RNAs and hence, are supposed
to be ancient, which in consequence suggest the real existence of both the methylations and
the guiding snoRNAs at the root of fungi. However, through individual target switches in the
cause of fungal evolution, the history of these sequences became connected. A taxonomic tree
displaying a potential evolutionary history involving snoRNAs that are predicted to guide the
above mentioned modifications is shown in Figure 4.13. Therein, the putative ancient state
is described to be constituted of two individual snoRNA sequences guiding the three ancient
methylations. Parsimonious deletion and innovation events of target interactions are marked
accordingly. The emergence of the fourth modification, 25S-1866, is predicted at the root of
Table 4.3. Interaction properties of four LSU
modifications of CD 5 are shown. Properties
for three SSU and two LSU methylations are
given for clan CD 19.
modification ICIsno ∅ mfe
detected
interactions
25S-1806 0.79 -16.46 23.08%
25S-1866 0.90 -19.49 24.61%
C
D
5
25S-1898 1.20 -25.80 25.38%
25S-3615 1.00 -18.48 25.77%
18S-462 1.52 -20.62 34.49%
18S-602 1.11 -15.30 34.18%
C
D
1
9
18S-1580 1.75 -20.76 34.49%
25S-2574 0.48 -22.85 9.49%
25S-4143 0.28 -15.49 7.59%
Ascomycota, since all diverging lineages
such as Taphrinomycotina, Saccharomyco-
tina, and Pezizomycotina are predicted or
even verified to target this specific site. The
loss of any of the four guiding functions
occurred rather frequently in several lin-
eages, e.g., Basidiomycota are supposed to
have lost the guiding potential for 25S-1806
while different Basidiomycota lineages are
further predicted to have lost the ability to
guide methylation at 25S-3615.
Besides such ordinary processes of gain and
loss events, it happened several times dur-
ing fungal evolution that target interac-
tions of the mentioned four modifications
switched between different snoRNAs. It is
a noteworthy fact that the actual target site
within the snoRNA (D’ or D target) are
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Figure 4.13. Potential evolutionary history of snoRNA clan CD 5 involving four different
modification sites on the LSU rRNA. Gain/loss events are displayed with arrows, while
potential rearrangements are shown with red stars. ⊤ 25S-1866 is solely found in Pichia.
∓ Only putative since LSU sequences are missing, but snoRNAs show convincing ASE
conservation. ⊥ Only putative since no LSU sequence is present, but snoRNAs shows
convincing ASE conservation for three modifications.
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Figure 4.14. Sequences of the CD 5 snoRNA family are incorporate into a polycistronic
transcript that harbors up to seven snoRNA genes. This cluster with its highly conserved
structure and size occurred at the root of Ascomycota, but most of its genes arose at least
at the root of Dikarya. There are different potential histories regarding the evolution of
the cluster depending on how the newly innovated target guiding function at position 25S-
1866 (orange) was initially introduced in this polycistronic transcript. A) Evolutionary
history under the assumption that 25S-1866 is incorporated as a second guiding function
into the snoRNA guiding 25S-3615. B) History under the hypothesis that a novel single
guide snoRNA is introduced at the 3’ end of the snoRNA cluster. The most parsimonious
rearrangement events that led to the observed cluster organization are depicted in blue and
green stars, according to hypothesis A and B, respectively.
mostly preserved. Within the Taphrinomycotina lineage, including the fission yeast, target
guiding functions at 25S-1806 (D’ target) and 25S-1866 (D target) are incorporated into one
snoRNA sequence after the original guidance of 25S-1898 (D target) went missing.
At the root of Ascomycota, a polycistronic snoRNA transcript is arranged including the
snoRNA sequences of CD 24, CD 12, CD 7 CD 21, and CD 31 in 5’-3’ direction, see Figure
4.14. All these snoRNA families are already present at the root of Dikarya, distributed over
large distances or different chromosomes. After the formation of this cluster, the precise order
and the length of approx. 1.5kb is highly conserved throughout all Ascomycota. It might have
happened that a snoRNA of clan CD 5 guiding methylation at 25S-3615 is already present at
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the 5’ end of this cluster when it emerged. However, there are several possibilities how the
snoRNA cluster evolved after the innovation of guiding function for 25S-1866. One hypothesis
(Blue stars in Figure 4.14) is the initial incorporation of 25S-1866 into the snoRNA that
already guides 25S-3615, creating a double guide snoRNAat the 5’ end of the polycistronic
transcript. In Taphrinomycotina, the loss of guiding function for 25S-3915 and 25S-1898
might have caused the rearrangement of the 25S-1806 and 25S-1866 and the exclusion from
the snoRNA cluster. At the root of Saccharomycotina, the double guide snoRNA might have
split up leaving a single guide at the 5’ end (25S-3615) and a novel single guide at the 3’ end
of the cluster (25S-1866). The original formation is solely conserved in Yarrowia lipolytica.
In another hypothesis, evolution might have taken the other way round (green stars in Figure
4.14). Assuming the innovation of 25S-1866 led to a novel single guide snoRNA that is located
at the 3’ end of the snoRNA cluster, as seen in Saccharomycetaceae, Y.lipolytica would be
the only organism in Saccharomycotina where a rearrangement is detected. In result, the
previously single guide sequences are reorganized into a double guide sequence with guiding
ability for 25S-3615 as D’ target and 25S-1866 as D target. This novel double guide is now
located at the 5’ end of the cluster. Coincidentally, the same reorganization happened at the
root of Pezizomycotina, where the first snoRNA of the cluster is found to guide modifications
at position 25S-3615 (D’) and 25S-1866 (D). Proteins that are located up- and downstream
of the previously described snoRNA cluster are not found to be conserved throughout major
fungal lineages.
A further interesting observation is the potential duplication of target interaction for 25S-1898
at the root of Pezizomycotina. This ability is inserted into family CD 26 as a D’ target in the
lineages Dothideomycetes, Eurotiomycetes, and Leotiomycetes (ICI: 0.37, mean mfe: -18.79).
Neurospora species are also predicted to guide this methylation with its CD 26 snoRNA.
In reverse the original D’ target of CD 26, 25S-3836, was abolished in these organisms and
is not found to be restored in any other snoRNA family. Please also confer Figure 4.12
for more detailed information of family CD 26. The phenomenon of two different snoRNAs
guiding the exact same modification would easily explain the fact that in some of these species
the original target site of 25S-1898 vanished in CD 5 snoRNAs, e.g., in Capnodiales, some
Aspergillus organisms, or Onygenales. Families CD 5 and CD 26 are not merged due to a
switch of the ASE (from D in CD 5 to D’ in CD 26) and the fact that predicted interactions
for 25S-1898 are merely found in a subset of species.
107
4. The Fungal snoRNAome
snoRNA Clan CD 19
A similar evolutionary history can be reconstructed for the snoRNA clan CD 19 including
the budding yeast snoRNAs snR52 and snR56 as well as three Neurospora sequences (CD 19,
CD 41, and CD 42). The RNA molecules of this snoRNA clan are known to guide two SSU
methylations: 18S-462 (S.cerevisiae 18S-420, D target), 18S-1580 (18S-1428, D’ target), and
two LSU methylations: 25S-2574 (25S-1508, D target) and 25S-4143 (25S-2921, D’ target).
Properties of those target interactions can be seen in Table 4.3 and a potential evolutionary
history is depicted in Figure 4.15.
All four modification sites can be denoted as ancient since they map to known methylated
positions in human small and large subunit rRNAs. However, a potential ancient state at
the root of fungi involves solely both SSU modifications. Both methylations in the LSU
at 25S-2574 and 25S-4143 are exclusively found in Pezizomycotina and Saccharomycotina,
respectively. Thus, they are rather be reinvented in these lineages than lost in all other.
Both SSU sites are present in nearly all analyzed fungi with the exception of lineages were
only a few species are present, e.g., Tremellomycetes or Blastocladiomycota. A noteworthy
observation is the putative duplication of target interaction for position 18S-1580 at the root
of Pezizomycotina. It seems that the duplicated interaction is inserted in a new single guide
snoRNA. In Eurotiomycetes, on the other hand, this ASE is relocated into the formerly single
guide sequence that targets the other 18S position of this snoRNA clan. Other double guide
snoRNAs can be seen in Saccharomycotina combining the ancient target of 18S-462 with the
presumably reinvented 25S-4143. A similar behaviour is detected in several Pezizomycotina
species, where novel double guide sequence incorporate target binding capabilities for 18S-
1580 and 25S-2574. A further target switch is observed in Pichia membranifaciens, where
the species specific duplication of 18S-462 is inserted as D target in the snoRNA guiding
18S-1580, cf Figure 4.15.
In all but one species that are capable of guiding methylations at 18S-462, a second target
at position 18S-602 is further predicted with the same snoRNA ASE. A comparison of both
interactions is shown in Table 4.3. The additional interaction is marginally weaker than
the annotated one but still exceptional raising the question if potentially both positions are
modified by one anti sense element.
Target 18S-462 seems also subjected to yet another reinvention since it is also predictable as
potential D’ target (!) in family CD 42. This family is exclusively found in Pezizomycotina
and is predicted to contain a highly conserved D target guiding 25S-2979 (25S-1856, ICI;
1.26). In Dothideomycetes, Eurotiomycetes, and Leotiomycetes, an additional D’ target site
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Figure 4.15. Potential evolutionary history of snoRNA clan CD 19 involving four different
modification sites on the LSU and SSU rRNA. Gain/loss events are displayed with ar-
rows, while potential rearrangements are shown with red stars. ∓ Targets for 25S-2574
are putative since LSU sequences are missing in these species, but the snoRNAs show
convincing ASE conservation.
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capable of targeting 18S-462 is found with an ICI score of 0.60 and a mean mfe of -14.57
kcal/mol. It is quite remarkable that this modification seems to be guided by two different
snoRNA families where the ASEs are located at different sites.
Other Switches
Another target switch can be seen amongst families CD 9 (snR41) and CD 13. Members
of snoRNA family CD 13 can be found in all lineages of analyzed fungi, except for Saccha-
romycetes. All CD 13 snoRNAs show a high sequence conservation right upstream of their
D box. The annotated target 18S-541 (S.cerevisiae) was confirmed with an ICI score of 1.67
(predicted in 73 of 104 organisms). This specific modification site was attested to be present
in the budding yeast rRNA as well. In Saccharomycetes, the interaction was detected as a
D’-target interaction of snoRNA in the CD 9 family. This family is also present in all lineages
of analyzed fungal organisms. All sequences show convincing sequence conservation upstream
of box D and the annotated interaction with 18S-1126 (S.cerevisiae) with convincingly con-
firmed for 98 snoRNAs (of 119) with an ICI score of 2.19 . In Saccharomycetes, however, a
second interaction was detected upstream of box D’ for 26 snoRNAs yielding an ICI score of
0.4 . This interaction is supposed to guide the modification at position 18S-541 (S.cerevisiae)
but was presumably shifted from a D position to a D’ position at the root of Saccharomycetes.
Maybe due to loss of a homologous CD 13 snoRNA in this clade.
In general, target switches amid different snoRNA families are rather uncommon in box
C/D snoRNA. When focusing on experimentally verified , previously annotated targets, and
targets with an extraordinary ICI score, only 11 such switches are detectable between two or
more different snoRNA families. A reliable target switch is therein defined as two or more
separate predictions of the same target with at least 10 predicted occurrences per snoRNA
family where a mean mfe value below -10kcal/mol is detected. The three most prominent
cases are already described in detail above. In the majority, switched or duplicated target
interactions are traceable in exactly two families. One family often comprises a large amount
of species with potential target guiding capability that is additionally mostly accompanied
with low mean mfe values, while the second family shows a reduced set of organisms that are
predicted to guide the specific target with higher interaction energies. A table introducing
these 11 target switches can be found in the appendix, see Table A.18.
In total, i.e., when looking not exclusively at verified or high ICI-scoring targets, 49 target
switches are found amongst all box C/D snoRNA families. The previously discovered tendency
describing the differences between the sets of distinct snoRNAs guiding the same target region
remain intact. Solely the discrepancy between the interaction energies gets smaller.
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Redundant Target Interactions
It might happen, that snoRNA families are not only convincingly predicted to guide one spe-
cific target modification but two or even more with the same ASE.
Table 4.4. Summary on redundant target pre-
dictions of families CD 43 and CD 61.
pos ICIsno ∅ mfe # ia
18S-1400 0.95 -12.96 67/90
CD 43
18S-614 1.61 -21.96 71/90
18S-1843 1.48 -17.82 86/102
5.8S-155 1.16 -12.99 92/102
CD 61 18S-348 1.04 -12.99 83/102
18S-1827 1.02 -12.49 85/102
5.8S-120 1.00 -11.36 91/102
An outstanding example is given by box
C/D snoRNA family CD 43 (S.cerevisiae
snR40) which is predicted and experimen-
tally validated to guide methylation at po-
sition 18S-1400 (18S-1271) with its D’ tar-
get binding region. This interaction is pre-
dicted in 67 out of 90 snoRNAs and pro-
vides an ICI score of 0.95 with a mean inter-
action energy of -12.96 kcal/mol. However,
an even better target is predicted at posi-
tion 18S-614 (18S-562) with an ICI score of
1.61 and a mean mfe of -21.69. This in-
teraction is found in 71 organisms. All 67
snoRNAs predicted to guide the first target
are also predicted to guide the latter one, in a vast majority of cases even with a better bind-
ing energy. But since the genuine modification is neither reported in S.cerevisiae, N.crassa,
or human, this prediction, albeit its overly convincing nature, remains hypothetical.
An even more vital example is provided by family CD 61 (D’ ASE). Not less than five potential
targets are predicted with an ICI score above 1.0, a mean mfe below -11.30 and more than 80
single sequence predictions. Details are shown in Table 4.4. This time, the most persuasive
prediction is experimentally confirmed, whereas the other predicted positions were not shown
to be modified yet.
4.5.2 Fungal box H/ACA snoRNAs
Target prediction in case of box H/ACA snoRNAs is in general a more tedious task than for
box C/D snoRNAs. This is mostly owed to the bipartite target region located in a protein-
stabilized pseudouridylation pocket. Hence, the actual prediction of potential targets largely
depends on the correct prediction of the secondary structure of the hairpins or rather how the
structure might look like in association with the snoRNP proteins. Due to technical problems
in the RNAsnoop workflow, it might further happen that RNAsnoop predicts the wrong target
site in a stretch of uridines, i.e., in case the true modification site is located in a stretch of at
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least three adjacent uridines, it is possible that RNAsnoop incorrectly predicts the neighboring
nucleotide. In such cases, the true and the neighboring position will be reported accompanied
by their ICI scores.
Single Guide snoRNAs
In analogy to the box C/D class, single guide H/ACA snoRNAs share exactly one highly
conserved target region in either of both hairpins. This does not necessarily mean that
individual species or small groups of organisms did not develop a functional pseudouridylation
pocket in their non-functional stem-loop. But without experimental guidance it is impossible
to detect such interactions that might be merely conserved throughout a small subset of
species. However, all single guide box H/ACA snoRNA families and their predicted target
regions are shown in detail in the appendix in Table A.19.
In case of HP1 associated single guiding functions, the highest ICI score is assigned to the an-
notated target in five out of eight families. One family has exactly one better prediction based
on the ICI score alone whereas the cumulated interaction energies are slightly lower for the an-
notated target as for the ones with the best rank. Family HACA 23 is not predicted to guide
the annotated target, instead a potential modification site 7nt farther downstream is antici-
pated. The remaining family HACA 20 is originally annotated as HP2 single guide sequence
but shows a highly conserved HP1 stem instead of a second hairpin. Families HACA 15
and HACA 44 as well as families HACA 18 and HACA 23 are annotated to guide modifi-
cations at the same positions: 25S-4178 (S.cerevisiae 25S-2944) and 25S-3536 (S.cerevisiae
25S-2347), respectively. Both target regions and their corresponding binding elements in the
pseudouridylation pockets are highly conserved across these families. Because of the bipartite
ASEs and overall weak sequence conservation of the remaining snoRNA sequence, snoStrip
was not able to detect a homologous relations between the families HACA 15, which guides
the modification of 25S-4178 in Pezizomycotina, and HACA 44 guiding the same modification
in Saccharomycotina. The same holds for both families guiding pseudouridylation at position
25S-3536 in a subset of Pezizomycotina (HACA 18) and Saccharomycetaceae (HACA 23).
The overall target prediction quality is considerably better for targets associated with the
second hairpin. In nine of 12 families, snoStrip predicted the annotated target site as the
best conserved one, while in case of HACA 19 the annotated modification site is ranked at
position two. However, the best prediction is located adjacent to the second one indicating an
inaccurate prediction caused by the known RNAsnoop problems. High confident and conserved
target predictions can be seen in Table 4.5.
An interesting family is HACA 8, which is initially described to guide pseudouridylation at
112
4.5. Conservation of Target Interactions
Table 4.5. High confident targets for single guide box H/ACA snoRNAs.
snoRNA HP aln pos. ICIsno % ia ∅ mfe verified
HACA 9 HP1
25S-1962
18S-1342
1.17
1.04
65.26
78.95
-31.85
-30.30
+
-
HACA 8 HP2 5.8S-18 1.02 78.95 -32.44 -
HACA 43 HP2 18S-1314 0.98 72.72 -28.34 +
HACA 48 HP2 18S-1419 1.15 77.08 -29.23 +
position 18S-1717 (N.crassa 18S-1510). This precise modification site is not found to be
conserved throughout Pezizomycotina and Schizosaccharomyces which in fact harbor this
snoRNA family. Another target region is, however, detected by snoStrip to be conserved at
least across Pezizomycotina (position 5.8S-18, N.crassa 5.8S-17). The high ICI score (1.02),
large amount of detected interactions and the low mean interactions energies (-32.44) evi-
dently imply a convincing and conserved snoRNA-rRNA interaction. Further high-scoring
interactions are found in HACA 43 and HACA 48, see Tables 4.5 and A.19.
None of the single guide box H/ACA snoRNA families are found to provide additional target
regions in their non-functional hairpins. Although some families share a larger set of organisms
with low-mfe predicted interactions, these predictions are not conserved throughout a certain
lineage but mostly scattered across a variety of different organisms and lineages.
Double Guide box H/ACA snoRNAs
In contrast to the other major class, box C/D snoRNAs, double guide box H/ACA snoRNA
sequences occur more frequent. 11 families are originally annotated as double guides and
most of their targets are convincingly confirmed by snoStrip to be conserved throughout all
organisms encoding such a snoRNA gene. Another contrast among both snoRNA classes is
marked by the fact that double guided box H/ACA snoRNAs are commonly traceable across
a wide range of fungal organisms, whereas C/D families are mostly lineage specific. Four
families have their origin at the root of Dikarya or even further back. Two more families
are traced to the root of Ascomycota, whereas the remaining five families are lineage (two
found in Saccharomycotina) or genus specific (two found in Saccharomyces, one found in
Schizosaccharomyces). A detailed table summarizing all 11 families and their precise targets
is shown in the appendix in Table A.20.
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Family HACA 3 is published to guide three targets in both the budding yeast and fission yeast
(annotated as snR3 in S.cerevisiae, AJ632000 in S.pombe);HP1 is known to guide modification
at position 25S-3311 (25S-2129 and 25S-2216 in the budding and fission yeast, respectively),
while there are two targets in HP2; 25S-3449 and 25S-3315 (S.cerevisiae 25S-2264 and 25S-
2133, S.pombe 25S-2351 and 25S-2220). All three targets are found to be conserved across
Dikarya, see Table A.20. In the original Neurospora publication, however, HP1 is annotated
to guide the isomerization at position 25S-1200 (25S-401 in Neurospora crassa). This guiding
capability is not found to be conserved throughout the members of this family unlike the
yeast annotated target which is also convincingly predicted in Neurospora species, even with
a lower interaction energy.
Additional and Lineage Specific Targets
In similarity to the box C/D snoRNA class, several box H/ACA snoRNAs comprise a func-
tional and highly conserved target guiding region in one hairpin and show a lineage specific
guiding potential in the other hairpin. A summary of such snoRNA molecules can be seen in
Figure 4.16 and a Table showing detailed information about the predicted interactions can be
found in the appendix, cf. Table A.21. Some of these functions might already be annotated,
especially in snoRNA sequences of the budding yeast, see families HACA 4 and HACA 42
which are in fact officially denoted as double guides in S.cerevisiae. Both families show an
interesting pattern in their second hairpins. HP1 is highly conserved in both cases and the cor-
responding functionality is at least present in Dikarya. In their second hairpin, however, they
developed two different guiding functions that are predictable in separate lineages. HACA 4,
for example, is known to guide the pseudouridylation at 25S-3952 in Saccharomycetaceae
while outside of this clade the snoRNA is mostly predicted to guide modification at 18S-633.
In HACA 42, on the other hand, the separation of both target guiding functions becomes
even more conspicuous. The budding yeast annotated modification site is predicted in Sac-
charomycotina and Taphrina deformans (25S-3445), whereas the position U6-85 is predicted
in a wide range of Pezizomycotina.
To properly investigate the existence of lineage specific targets, an adapted ICI score is cal-
culated on taxonomic subtrees that include merely a small fraction of organism, namely all
organism in the particular subtree where the analyzed target is present. For example, the
officially annotated target guided by yeast HACA 4 hairpin 2 (25-3952), yields a ICIsno score
of 0.11. This fairly low score results due to only five distinct prediction of this interac-
tion but a huge amount of organisms that share a HACA 4 snoRNA. When focusing on the
precise subtree where predictions for modification of position 25S-3952 are present (solely
114
4.5. Conservation of Target Interactions
Figure 4.16. The conservation of predicted target interactions is shown for single guide
box H/ACA snoRNA families that exhibit an additional functional target in their non-
functional hairpin. Each family is depicted in a different color. The colored bar shows
that at least one target interaction was predicted in that lineage. SnoRNA family and
respective hairpin are shown on top, alignment position and ICI scores are shown at the
bottom. The red-framed rectangle at target site 25S-2064 indicates the conservation of both
the snoRNA sequence and the rRNA region although the guiding function is not predicted
by RNAsnoop. Furthermore, the this target site was annotated by Liu et al. [2009c] in
N.crassa. * The adjacent position (18S-1309) is predicted in Saccharomycetaceae.
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Figure 4.17. Correlation plots between ICIsno, ICIsub, and the respective coverage of detected
target interactions. Correlation was calculated by means of Spearman’s rank correlation
coefficient.
Saccharomycetaceae), the ICI score increases dramatically to 1.22, please confer the different
normalization terms for both ICI scores in chapter 3.4. In general, it is obvious that for most
predicted target interactions both ICI scores are equal or close to one another, see correlation
between ICIsno and ICIsub in Figure 4.17. This is due to the fact that a large portion of
target interactions are predicted across several lineages and hence both normalization terms
are similar. The real value of the subtree specific ICI score comes into effect when targets of
a subset of species are analyzed. This is clearly visible in the ICIsno vs. ICIsub plot, where a
quite a few target interactions shown substantially increased ICIsub scores compared to their
ICIsno scores. The same effect is visible when both plots are considered that compare the ICI
score with the actual coverage of the predicted target interaction. Therein, a significant shift
towards higher ICIsub scores can be seen for the majority of target interactions with more
than 50% coverage across species that are contained in a particular snoRNA family.
Of the eight families that are depicted in Figure 4.16, six are found to share a conserved
functional hairpin 1 while the latter two, HACA 21 and HACA 28, respectively, contain an
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overly conserved second hairpin. Family HACA 21 is predicted to guide the modification at
position 57 (N.crassa 54, S.cerevisiae 54) in the 5.8S rRNA with its first hairpin in a large
amount of Pezizomycotina species (ICIsub = 0.73). This particular modification is not present
in budding yeast 5.8S molecules which undoubtedly explains the missing predictions in this
subtree. On the contrary, the corresponding human position is found to be pseudouridylated
raising the possibility for this predicted interaction to be an authentic and biological correct
modification. Based on the ICIsub score, a potential, alternative target at position 25S-2813
is convincingly predicted with 1.07 in 19 out of 27 Saccharomycetales organisms. Since exper-
imental evidence for this precise position is inevitable, the prediction remains hypothetical.
Besides an additional and lineage specific guiding function in their second hairpin, families
HACA 1 and HACA 17 are also found to contain an alternative and highly conserved target
binding functionality in their first hairpin, 25S-3615 and 18S-127, respectively. These targets
might coexist with the experimentally verified and annotated anti sense element for these
families, please confer Figure 4.16. Both additional targets are conserved in most organisms
that encode the specific snoRNA sequence and both the ICIsub and predicted mean minimum
free interaction energies are also fairly convincing (0.82, -27.04 and 0.69, -28.73 for families
HACA 1 and HACA 17, respectively). These findings fuel the conjecture that snoRNAs in
general might be able to guide different modifications with the same anti sense elements.
Orphan box H/ACA snoRNAs
Table 4.6. Assigning putative targets to previously
orphan box H/ACA snoRNAs. Families that do
contain sequences with experimentally verified tar-
gets are marked with ’*’.
original target snostrip
name
box
position
ICI score
name
HACA 7 HP2 25S-3500 1.26 HACA 7
AM921943 HP2 25S-3374 1.12 HACA 21*
AJ632012 HP2 25S-3439 1.22 HACA 54
AJ632016 HP2 18S-1302 0.82 HACA 53
AJ632018 HP1 25S-1962 1.17 HACA 9*
Orphan snoRNA do not have an as-
signed and published guiding func-
tion. Within the initial datasets, or-
phan sequences were published for
N.crassa (6 sequences), A.fumigatus
(1 sequence), and S.pombe (8 se-
quences).
By means of snoStrip five orphan
sequences are mapped to highly con-
served families that also include bud-
ding yeast sequences and hence, pro-
vide experimentally validated tar-
get sites (HACA 11 matches snR11,
HACA 12 matches snR30, HACA 13
matches snR10, AM921943 matches
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snR32, and AJ632018 matches snR43), please see Table A.22 in the appendix. Another three
orphan snoRNAs show at least in one hairpin a conserved target binding site and share ad-
equate target predictions, see Table 4.6. All three families comprise their conserved target
in HP2. Family HACA 7 is found to be a distant homolog to family HACA 36 which is
merely detected in Saccharomycetes organisms. Nonetheless, both families are sufficiently
predicted to guide the validated isomerization of uridine at position 25S-3500. Since yeast
sequences of HACA 36 are approximately 1kb long and snoRNAs of the HACA 7 family
are found to be much shorter (∼ 180nt), it does not surprise that snoStrip was not able
to detect a potential common origin. Family HACA 54 is exclusively found in the genera
Schizosaccharomyces and Candida as well as in the Debaryomycetaceae lineage. All species
with a sufficient LSU sequence are competently predicted to guide the pseudouridylation at
position 25S-3439. This precise position is, in fact, not found to be modified in the budding
yeast (single sequence position 25S-2254), which would explain the missing homologs in this
clade, bur surprisingly, human LSU rRNAs show a bona fide pseudouridine at the aligned po-
sition. This might indicate a potential need to incorporate a modification at this position in
several fungal organisms as well. The remaining family, HACA 53, is found across Taphrino-
mycotina and Pezizomycotina and is convincingly predicted to accompany target binding at
position 18S-1302. Further indications for a true interactions such as mapped and validated
pseudouridines in budding yeast or human are unfortunately not detected by now.
Seven of 15 orphan box H/ACA snoRNAs are found to be conserved solely on genus or species
level, i.e., 2 orphan N.crassa sequences are exclusively found in the two other Neurospora
organisms, while five S.pombe snoRNAs are either found in all Schizosaccharomyces species
(2) or in the fission yeast only (3). Such a small set of species that share a homologous
snoRNA sequence makes an appropriate target prediction impossible. Hence, a sufficient
conclusion about their true function and, further on, about their genuine existence in terms
of a viable snoRNA molecule as well as its biological necessity remains elusive.
Target Switches
A huge amount of box H/ACA snoRNAs is found to contain a subset of organisms (>10)
where a conserved target is convincingly predicted. The sole prediction, however, does not
infer an authentic modification site. Depending on the location of these organisms in the
taxonomic tree, it might occur that the predicted modification sites are either target switches,
i.e., organisms of different subtrees exhibit the same guiding function in distinct snoRNA
families, or a duplication of target interactions, i.e., a group of organisms is found to be
capable of guiding a specific modification with two or more distinct snoRNA families.
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Figure 4.18. Target switches between several box H/ACA snoRNA families. Conservation of
the modification and the name of the snoRNA that is known to guide it are denoted in
the table on top of the picture. Again, each snoRNA is split into a 5’ and 3’ hairpin, both
of which are able to guide modifications. The color code for the modifications is shown
on top. ± HP1 target is assumed in several organisms based on sequence conservation
compared to S.cerevisiae snoRNA and rRNA. ⊥ Found in one out of four organisms.
A complete summary of duplicated and/or switched targets is shown in the appendix, see
Table A.23. The actual interpretation of an event as a target switch, duplication, or distant
homolog depends on the conservation of the predicted guiding functions along the leafs of
the taxonomic tree, the position of the ASE within the snoRNA, and the overall sequence
similarity of the snoRNA genes. It is thoroughly possible that both events, target switch and
a duplicated target occur at the same modification site amongst the same set of snoRNA
families.
An interesting target switch can be observed between families HACA 6 and HACA 27, confer
Figure 4.18. Family HACA 6 comprises both a N.crassa and a S.cerevisiae snoRNA. The
whole family shows a highly conserved first hairpin which is annotated in both organisms
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to accompany pseudouridylation at 25S-1956 (S.cerevisiae 25S-960, N.crassa 25S-943). This
target is, however, not uniformly predicted in all organisms due to a short distance between
the modification site and the H box. Normally, this distance is described to be 14-16nt
long but in several Pezizomycotina species this stretch is solely 12nt long and hence, pre-
vents RNAsnoop from predicting this target site. The second hairpin is validated to guide
the isomerization of uridine at position 25-1987 (25S-986) in the budding yeast and predicted
to guide modification at 25S-2139 (N.crassa 25S-1108) in Neurospora. The latter target is
adequately predicted throughout Pezizomycotina while it is completely missing in Saccharo-
mycotina. Therefore, the ’wobble’ positions 25S-1987 or 25S-1988 are predicted for nearly all
species associated with this clade, see Table A.20 for further details. Since the pseudouridy-
lation of 25S-2139 is verified to be a true modification in budding yeast rRNAs, a separate
partner might be assigned to this function. Family HACA 27 is, in fact, predicted and anno-
tated to guide the modification at 25-2139 (S.cerevisiae 25S-1124) in Schizosaccharomyces,
the whole Saccharomycotina lineage, including the budding yeast, and, surprisingly, one Neu-
rospora sequence. Another interesting fact is the shift of the functional ASE from HP2 to
HP1 in HACA 27. Pseudouridylation at position 25S-1988 is found outside of Saccharomyco-
tina in HP1 of HACA 2. This snoRNA is annotated (by Liu et al. [2009c]) and predicted by
snoStrip to guide modifications at 25S-3013 (HP1) and 25S-3541 (HP2), but furthermore, it
is also quite satisfactory predicted to guide 25S-1988 as an additional target. The same holds
for Saccharomycetaceae and Eurotiomycetes where HACA 21 is found to carry an additional
guiding function in their second hairpin.
Additional interesting cases where two or more families are capable of guiding the same
pseudouridylation are shown in Figure 4.19. A true switch between distinct snoRNA families
can be seen for modification at position 25S-1934. Therein, HP2 of Family HACA 21 is
predicted to guide this particular modification in Eurotiomycetes and several Sordariomycetes
with a mean mfe of -28.17. Hairpin 1 of snoRNA family HACA 42 is, on the other hand,
predicted to guide the same modification in the majority of Saccharomycotina (mean mfe
-27.59). Besides a switch amidst two distinct families, the ASE is shifted from one hairpin to
the other.
An interesting combination of target switches and duplicated target guiding functions can
be seen for a potential pseudouridine at position 18S-400. Family HACA 34 is predicted to
guide this modification with its first hairpin. Although this prediction is not annotated and
predicted with the best ICI score, it is convincing based on the minimum free energies among
all detected interactions. The prediction is preserved in Saccharomycotina, but is also present
in some Basidiomycota, and Saitoella complicata, a member of the Taphrinomycotina lineage.
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Figure 4.19. Exemplary target switches and target duplications amongst different box H/ACA
snoRNA families. Families that are equally predicted to guide the same modification site
are grouped. Each family is encoded in a different color. Family name and hairpin are
denoted on top, while modification site and ICI scores are shown at the bottom.
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Two sole predictions are traced across Pezizomycotina. However, within this specific subset of
fungal organisms, the potential modification of 18S-400 is mostly accomplished by snoRNAs
of family HACA 12, HACA 15, and HACA 4. It is an interesting observation that families
HACA 15 and HACA 4 show a highly similar target interaction pattern. In neither of both
families, guiding capabilities in Trichoderma, Leotiomycetes, or Aspergillus are predicted,
although closely related organisms such as Onygenales, Penicillium, or Nectriaceae are found
to be able to guide the precise pseudouridylation.
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4.6 U3 - an Exceptional box C/D snoRNA
The U3 snoRNA is an exceptional member of the box C/D subclass of small nucleolar RNAs.
It is much longer than canonical snoRNAs of this type and instead of chemical modifications
it acts as an RNA-chaperone mediating structural changes to ensure the correct pre-rRNA
cleavage. Apart from short but highly conserved box motifs denoted as A’, A, C’, B, C, and D,
where C and D define the membership to the box C/D snoRNA class (see left side of Table
4.7), the overall sequence is only poorly conserved and non-trivial to detect by homology
searches over large evolutionary distances. However, due to its decisive function in RNA
maturation, the U3 box C/D snoRNA is thought to be ubiquitously present in Eukaryotes.
Besides their conserved box motifs, the extraordinary secondary structure of U3 genes is
thought to be essential to maintain its function. Up to ten stems have been found with
lineage specific presence/absence pattern and special expansion domains [Marz & Stadler
2009a]. Fungal U3 genes are found, in contrast to vertebrates for example, to contain two
hairpins at their 5’ end where box motifs A’ and A are located in hairpin 1.
These two leading hairpins participate in base pairing interactions with the rRNA precursor
during rRNA biogenesis [Samarsky & Fournier 1998, Liu et al. 2009c]. The 5’ half of hairpin 1
(including box A’ and in part box A) was attested to base pair with a region at the downstream
end of the later mature 18S rRNA (U9 to C25 in S.cerevisiae). The hinge region between
hairpin 1 and 2 interacts with a region located in the 5’ external transcribed spaces (ETS).
U3 snoRNAs share several features of small nuclear RNAs, e.g., they are supposed to contain
a 2,2,7-trimethylguanosine cap [Jia et al. 2007] and they are processed from rather individual
transcripts. The promoter being responsible for the transcription start is thought to comprise
a TATA box and a Homol D box [Nabavi & Nazar 2008].
In the early nineties, both genes encoding U3 snoRNAs in Saccharomyces cerevisiae were
experimentally shown to be interrupted by introns that are excised by the canonical pre-
mRNA splicing machinery [Myslinski et al. 1990]. Later on, evidence for two intronless U3
genes in the fission yeast was provided [Selinger et al. 1992], while functional analysis in
Neurospora crassa revealed three intron interrupted paralogs [Liu et al. 2009b].
Because of the previously mentioned extraordinary features and the absence of canonical tar-
get binding sites that guide chemical modifications, U3 sequences are generally not detectable
with snoStrip. The sequence itself might be found due to the infernal-based search proce-
dure, but uncharacteristic box positions and missing target sites would inevitably lead to a
rejection of the candidate.
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4.6.1 Detection of U3 snoRNA and Property Extraction
An investigation of U3 genes within 147 fungal organisms whose genomes are available in de-
cent quality was conducted. Selected organisms ranged from Microsporidia, Mucoromycotina,
Blastocladiomycota, and Basidiomycota to a large group of Ascomycota.
All fungal U3 sequences that were previously published by Marz & Stadler [2009a] were used
as query sequences. The corresponding MUSCLE-derived alignment served as basis for an initial
covariance model. A first infernal-based search procedure was then conducted in all 147 fungal
genomes. Subsequently, sequences found in different major fungal lineages were separated to
created lineage specific covariance models. These were used to fill the gaps of missing U3
sequences.
A lineage specific investigation of structural properties was fulfilled by means of mLocARNA
RNAz and RNAsubopt. In some cases, the structure based alignments were subsequently folded
with RNAalifold in a constrained manner.
Base pairing abilities between U3 snoRNAs and potential target sites were analyzed with
RNAduplex which is part of the Vienna RNA package [Lorenz et al. 2011]. Fragments of 18S
rRNAs, which are homologous to the experimentally validated budding yeast site that base
pairs with U3 (approx. the first thirty nucleotides), were successfully extracted from rRNA
molecules of 85 different species. U3 sequences of these organisms were cut directly down-
stream of box A. Random sequences of equal length and with equal nucleotide background
distribution to the 18S rRNA fragments were generated as a control set.
To detect intron characteristic sequence motifs, MEME [Bailey & Elkan 1994] was applied on
the putative intron sequences to retrieve motifs of length 7nt (5’splice site and branch site)
and 5nt (3’splice site), respectively.
4.6.2 U3 snoRNA Genes are Ubiquitously Present
Starting from a set of 54 previously published U3 snoRNA (found in 52 organisms), homol-
ogous transcripts were found in all 147 analyzed fungi indicating the major importance of
this cleavage associated snoRNA molecule. The gene copy numbers differ slightly between
species, almost always toggling between one and three paralogs. Merely a few species encode
more than three transcripts, e.g., Schizosaccharomyces japonicus with 11 paralogs.
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Figure 4.20. Sequence logos of U3 specific box motifs A’, A, C’, B, C, and D. These logos
were created from box motifs extracted from all detected U3 transcripts.
U3 snoRNA Properties
In the following, general U3 properties such as canonical box motifs, secondary structures
and base pairing potentials are discussed.
U3 Specific Box Motifs. Although the major part of the U3 sequence is rather uncon-
strained, the sequence motifs of box A’, A, C’ B, C, and D are thought to be highly conserved
among species. Box A’, for example, was determined to share the consensus sequence TACTY
(Y denotes a pyrimidine). This motif was unambiguously identifiable in all of the 310 detected
U3 transcripts. Merely the first position is slightly variable, since it might also exhibit an
adenosine instead of a thymine. The A box motif is less stringent conserved. In its first half,
a conserved GYATCW motifs is detectable (W is A or T), while the second half comprises
mostly thymines, which are interrupted by adenines, cytosines, or guanines in lineage spe-
cific patterns. C and C’ boxes exhibit both highly similar sequence motifs and the box C/D
snoRNA typical RTGATGA pattern could be retrieved in most cases (R denotes a purine).
Especially the GA dinucleotides are highly conserved, whereas the 5’ dinucleotides (RT) shows
the most variability. C’ motifs often harbor a WY pattern in the first two nucleotides, while
KY is found at the beginning of box C (K being either G or T). The extracted pattern for box
B shows variable positions at its 5’ and 3’ boundaries, respectively, whereas the middle part
exhibits are rather conserved AGYGA motif. The best conserved motif is box D, showing
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Table 4.7. Lineage specific properties of U3 secondary structures. Stems or helices are
numbered in reading direction according to Marz & Stadler [2009a]. ∗ not present in
Saccharomycetaceae. † not present in Penicillium. ∓ not present in Hypocreomycetidae.
The last rows indicate the number of organisms that were analyzed in each respective
lineage and the amount of species that were found to contain at least on intron interrupted
U3 transcript.
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a stringent CTGA motif in almost all extracted U3 transcripts. Sequence logos that were
created for all identified box motifs are shown in Figure 4.20.
Secondary Structure. U3 snoRNA secondary structures are quite diverse, i.e., they vary
between different eukaryotic groups such as Plants, Animals, or Fungi. Within these groups,
U3 genes might exhibit structural peculiarities like additional or missing helices or large un-
structured insertions. According to the secondary structure definitions that were postulated
by Marz & Stadler [2009a], the table scheme of their survey was extended to include major
fungal lineages, see Table 4.7. Canonical fungal U3 secondary structures include up to ten
different stems or helices, which are numbered in reading direction (M1-M10). The general
structure model is shown on the right side of Table 4.7 Two distinct hairpin motifs (M1 and
M2) are clearly identifiable in all detected U3 snoRNAs at the 5’ end of the transcript. The
following helices M3 and M4, which enclose an interior loop that harbors box C’ and D (on
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the 5’ and 3’ side, respectively), is also present in all identified U3 sequences. There is no
evidence for a stable fifth helix in some lineages (Hypocreomycetidae and Saccharomycotina).
Instead, a large multi-branch loop is detected that contains the motifs of box B and C. The
following stem-loop structures of M6/M8 and M9/M10 are either defined as separate hairpins
(M6 and M9) or as helix-hairpin combination in cases where an interior loop with at least
two unpaired nucleotides on both sides interrupts the unequivocal hairpin structure. In Sac-
charomycotina, Leotiomycetes, and Sordariomycetes, an additional hairpin M7 is introduced
in the interior loop between helices M6 and M8. Secondary structures of Microsporidia were
not included in Table 4.7 since they are too diverse to define lineage specific helices. Sev-
eral species specific expansion domains have been marked in the general model. The plant
pathogen Mycosphaerella pini (Dothideomycetes) shares an M2 stem-loop that is enlarged
by 50nt compared its close relatives. The basidiomycete Rhodotorula minuta and the yeast
Kluyveromyces lactis share a large region of 50nt and 80nt in length that is inserted in the
loop of stem M6 and M8, respectively. Another yeast, Candida glabrata, invented a new stem
(∼50nt) between M9 and M10.
Guiding Potential. U3 snoRNAs were found to be involved in the rRNA maturation
through base pairing interactions with the 5’ ETS and the later 18S rRNA. Since ETS se-
quences are virtually untraceable in genome assemblies, base pairing potentials were solely
analyzed with respect to 18S rRNA sequences. Significant properties of these interactions,
such as minimum free energy (mfe) and the number of paired nucleotides, were subsequently
compared to guiding potentials between U3 snoRNAs and random sequences, see Figure 4.21.
Therein, the base pairing potential of real rRNA sequences show a lower mean mfe (-12,17
to -7,295 kcal/mol) and a significantly larger number of paired nucleotides (13,5 to 8,9 nts).
This clearly indicates the biological importance and displays the evolutionary conservation
amongst the analyzed fungi.
Intron Interrupted U3 snoRNAs
Among the 310 U3 snoRNA genes, 134 sequences were found that are presumably interrupted
by at least one intron. Four genes show evidence to contain two introns per transcript, lead-
ing to a total amount of 138 potentially intronic sequences. These are distributed over 78
fungal organisms, however, none of them are found in early-branching fungi such as Mi-
crosporidia, Mucoromycotina, Chytridiomycota, or Blastocladiomycota. Intron interrupted
genes are loosely distributed over Basidiomycota, but they are absent in Taphrinomycotina.
In Saccharomycotina, intron containing transcripts are nearly exclusively present in Sac-
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Figure 4.21. Base pairing potential of fungal U3 snoRNAs with the 5’ region of 18S rRNAs
and random sequences. RNAduplex was used to predict putative target interactions. The
main diagram shows a scatter plot w.r.t. the minimum free energy and the number of
paired bases that were predicted. On top and on the right density plots of both distributions
illustrate the difference between predicted interactions of U3 with 18S rRNA and random
sequences.
charomycetaceae, whereas in Pezizomycotina, they are found the vast majority of analyzed
organisms. A detailed summary can be found at the end of Table 4.7.
Eight fungi were found to carry multiple paralogs where at least one transcript is interrupted
by an insert and one intronless copy was detected.
U3 Introns exhibit pre-mRNA Intron Properties. Kupfer et al. [2004] conducted an survey
covering 11.000 fungal introns in the five species Cryptococcus neoformans, Schizosaccha-
romyces pombe, Saccharomyces cerevisiae, Aspergillus nidulans, and Neurospora crassa and
extracted general properties of fungal pre-mRNA introns including intron length distribu-
tions as well as splice and branch site sequence motifs. These results were compared to the
potential U3 introns.
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Figure 4.22. Boxplot of intron length and distances
between the branch point adenosine and the 3’
splice site (BP-AG distance) gathered from the 138
potential U3 snRNA introns. The relative position
of the branch point adenosine within the intron is
depicted on the right side.
The mean intron length varies con-
siderably between different fungal
species. In the budding yeast, for
example, the mean length was at-
tested to be 256nt while the introns in
the remaining four species are signifi-
cantly shorter (mean length between
69nt and 119nt) [Kupfer et al. 2004].
The U3 introns share lengths between
46nt (Sporobolomyces linderae) and
225nt (Ustilago maydis) and their
mean length is 92nt, see Figure 4.22.
Splice Sites. In accordance to
Kupfer et al. [2004] and Rep et al.
[2006], the overwhelming majority of
fungal introns share the 5’GT-AG3’
splice sites (98%), though additional
sites like 5’GC-AG3’ and 5’AT-AC3’
are also present in fungi. The con-
sensus sequence for the 5’ splice site
(donor sequence) derived from five fungal organisms was found to be 5’GTRWGT. This se-
quence could be narrowed to 5’GTAWGT in both fission and budding yeast and to 5’GTRAGT
in the two filamentous fungi and the Basidiomycota C.neoformans [Kupfer et al. 2004]. Fungi
consensus acceptor sites (3’ splice sites) were found to possess a YAG3’ pattern [Kupfer et al.
2004, Irimia & Roy 2008].
Within the U3 intron set, 136 introns exhibit the canonical 5’GT-AG3’ splice sites (98,54%),
one intron was found to possess the 5’GC-AG3’ (0,73%) boundary, and the remaining one
shares a 5’GC-GG3’ splice junction. Amongst the canonical ’GT’ splice sites, nearly two
third share the consensus donor sequence of GTRWGT (88/136, 64,71%) but particularly the
underlined nucleotides are present in all 5’ splice sites. The remaining third of U3 introns
comprise in most cases exactly one mutation in either of the three remaining nucleotides
(42/136, 30,88%). The 3’ splice site motif is almost always characterized by a YAG3’ pattern,
therein a CAG3’ and a TAG3’ were found in 127 and 8 putative introns (92,7% and 5,84%,
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Figure 4.23. Sequence logos derived by MEME from the 138 putative U3 snoRNA introns. The
sequence logos for the most 3’ dinucleotides of the upstream exon, 5’ donor site, branch
site, 3’ acceptor site, and the first dinucleotides of the downstream exon are shown from
left to right. The precise branch point is indicated by an arrow. The y axes displays the
frequency of occurrences of a nucleotide in bits. The relative height of a letter is pro-
portional to the relative frequencies of the nucleotide in the respective multiple alignment
column.
respectively). U3 consensus splice site motifs can be seen in Figure 4.23.
Branch Sites. The branch site is essential for lariat formation in the splicing process and
provides the branch point adenosine to perform the first nucleophilic attack on the 5’ splice site
[Reed & Maniatis 1988]. The fungi consensus branch motif was determined to be RCTRAY
where the branch point adenosine is always present at the fifth position [Kupfer et al. 2004].
The MEME-derived U3 consensus branch site was RCTRAC, confer Figure 4.23, where the ’core
motif’ CTRAC was found in 129/138 potential introns (93,48%). Point mutations in the 1st
or 5th nucleotide of the core region were found in 2 and 7 introns, respectively, meaning that
the TRA motif including the essential branch point adenosine is ubiquitously present.
The distance between the branch site and the acceptor site varies between species and is
determined to be 6 to 36nt [Kupfer et al. 2004, Mertins & Gallwitz 1987]. Amongst the U3
introns, the mean distance is found to be 15nt and solely 4% of the putative introns share a
BP-AG distance that is greater than 36nt. But when this distance is considered with respect
to the overall intron length, 80% of the introns feature the branch point adenosine in a region
between 0.7 and 0.9 of the intron length indicating a rather constant region within the intron,
see right boxplot in Figure 4.22
When keeping these findings in mind, one is tempted to believe that the retrieved U3 genes
are truly interrupted by functional introns. However, experimental evidence has only been
given for U3 transcripts in S.cerevisiae, and N.crassa, leaving the other introns hypothetical.
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Figure 4.24. The general secondary structure model of U3 snoRNAs in fungi is shown on
the right. Boxes and helices are indicated with their respective name. The picture is
adapted from Marz & Stadler [2009a]. The left picture displays the consensus secondary
structure and sequence of stems M1 and M2 of fungal U3 transcripts that harbor at least
one intron. Intron positions within the U3 mature snoRNA are indicated in accordance
to their respective fungal lineage (Basidiomycota, Saccharomycotina, etc...). The length
of the bars mirror the amount of transcripts that share an intron at this specific site. The
exact number of U3 genes is written directly in front of each bar.
Intron encoded ncRNAs In eukaryotes, introns are known hosts for short non-coding RNAs.
The U3 introns were tested for similarity to any Rfam annotated RNA family using GotohScan
[Hertel et al. 2009]. However, such potential short RNA molecules that might be hidden within
the U6 introns were not identified.
Intron Location. Despite the unusual length of U3 snoRNA genes and their exceptional
structure with up to ten stems, intron insertion points are almost exclusively present in the
first hairpin which also harbors the essential boxmotifs of box A’ and A. It is further apparent
that nearly all introns are spread over the 5’ half of the hairpin (133/138). Starting from the
first nucleotide of box A’, each of the following 11 nucleotides serves as an intron insertion
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point. The exact distribution of the amount of intronic sequences that were detected in
each position is depicted in Figure 4.24. Therein, three distinct insertion position are clearly
assignable for the majority of introns that were detected in Basidiomycota, Eurotiomycetes,
and Saccharomycetaceae/Sordariomycetes. No more than four introns have their insertion
point in the 3’ half of the first hairpin and, furthermore, three of which are the 2nd intron in
their U3 transcript.
The 2nd intron Baudoinia compniacensis is located 5nt upstream of box C’ in stem M3 and
hence, is the solitary exception of all hairpin M1 encoded introns.
Quite astonishing is the finding that the vast majority of introns is located at the 5’ half of
the first hairpin which is the same region responsible for base pairing interactions with the
18S rRNA. This raises the question whether this points at a potential biological explanation
of how these introns were introduced or just at a curious coincident?
Intron Homology
To determine homologous introns, sequence identities of all intron pairs were calculated and
insertion points within the mature U3 transcript were checked for similarities. Obviously, non-
functional or rather non-RNA-containing introns are fairly unconstrained in an evolutionary
sense, meaning that potential traces of a common origin may vanish within a few million
years.
High sequence similarities were solely detected amongst closely related species, for example,
introns within Penicillium or Saccharomyces were found to share pairwise identities greater
than 75%. Slightly more distant organisms such as Aspergillus and Penicillium share intron
similarities being just between 40 and 60%. More distantly related organisms have even
worse identities, which are in some cases solely measurable because of their common splice
and branch site motifs. It is furthermore apparent that similar introns are almost always
inserted at equivalent positions. The only obvious exceptions of this rule is given by several
Dothideomycetes organisms, which share intronic sequence identities of up to 72%. Their
intron insertion points are, however, shifted by one nucleotide in some cases (confer the
brown bars indicating the intron insertion points directly upstream and downstream of the
first thymine in box A’ in Figure 4.24). This shift is not linked to certain subgroups within
Dothideomycetes but appears rather randomly.
A common theory states that an intron was eventually inserted in an ancestral U3 transcript
during fungal evolution and that in the cause of time this intron was either preserved, shifted,
or lost at several occasions [Liu et al. 2009b]. Evidence substantiating this hypothesis might
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be given by the fact that introns of closely related species are mostly located at the exact
same position and that, in general, all fungal U3 introns are located in the same hairpin (M1)
with only slight variations in their exact insertion points. Additionally, the vast majority
of paralogous intron containing transcripts share highly similar introns pointing at an inser-
tion event that happened before the duplication. The theory of several independent intron
insertion events, however, cannot strictly be ruled out because of the undetectable sequence
similarities amongst most intron pairs. As previously mentioned, four U3 genes were found
to comprise two introns in each transcript. Since none of theses pairs shows high sequence
similarity (range: 40-60%) both of the following hypothesis remain plausible: each of the
second introns was either inserted in an individual event or was created by specific intron
duplication events where intron one was copied and inserted a second time.
To summarize, the U3 snoRNA is indeed an extraordinary member of the box C/D snoRNA
class. It seems to be ubiquitously present in all eukaryotes but changes its respective sec-
ondary structure considerably even between closely related lineages. However, target binding
efficiency does not seem to be impaired or diminished. Fungal U3 genes are, furthermore,
the only snoRNAs that are found to be intron interrupted. These introns are detected in a
widespread of fungal species and share canonical pre-mRNA intron splice sites and branch
sites. Intron insertion positions are solely located in a remarkable narrowed region (5’ half
of hairpin 1) overlapping with the 18S rRNA target binding region and with essential box
motifs. Since U3 introns do not encode other small RNA molecules, its biological significance
remains to be elucidated.
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4.7 Conclusion
The novel snoStrip pipeline has been successfully applied to analyze the fungal snoRNAome
in a wide range of organisms. Thereby, the automated annotation of snoRNA characteristics
and the improved target prediction were key-factors to sort and rearrange the landscape
of fungal snoRNA. By means of snoStrip, a considerable amount of snoRNA sequences
of different organisms have been automatically merged into functional homologous snoRNA
families and the majority of previously orphan snoRNA has been mapped to families were
snoStrip convincingly predicts a conserved target, or to families where a certain modification
was already experimentally verified.
When focusing on the implications made by the fungal snoRNAome, it can be stated that
fungal snoRNAs stably preserve their target interactions, i.e., most families are found to share
at least one highly conserved target binding site. As seen in Figure 4.10, the large majority
of fungal box C/D snoRNA and box H/ACA snoRNA s are single guides. An unconstrained
and hence, a potentially free-to-evolve target binding region located upstream of the non-
functional box motif leaves ample room for the evolution and incorporation of lineage or
species specific novel guiding functions. This scenario is quite frequently observed in single
guided snoRNAs and due to the novel ICI score, taking information about the taxonomic tree
into account, it is clearly measurable.
A fruitful feature of the snoStrip pipeline is the ability to detect target switches. Two
extraordinary examples of ’connected’ evolutionary histories of snoRNA families that were
previously not found to be related are automatically detected by snoStrip and elaborated in
great detail, see section about snoRNA clans CD 5 and CD 19. A target switch accompanied
with a change of the ASE position is, however, still an obstacle which needed manual curation.
This phenomenon of target regions jumping amongst families, ASE positions, and taxonomic
lineages is nevertheless rather uncommon. Due to reliable target prediction, a few but all the
more interesting cases are traceable across fungal evolutionary history.
The entirety of fungal snoRNAs constitutes a paramount example of evolutionarily constraint
conservation. The necessity of particular snoRNA-targetRNA interactions prevents specific
regions within the snoRNA molecule from mutations, leading to an exceptional conservation
of the anti sense element over huge evolutionary distances. Evolution’s irresistible craving for
change, ongoing adaptations, and trial and error is nicely illustrated by the profoundly un-
conserved regions within a functional snoRNA. A further example is given by fungal snoRNA
family CD 34. Normally, mutations within the ASE would abolish target interactions, but
when the target provides room for a free evolvement of nucleotide stretches, it will be used
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accordingly. This particular family targets the position 18S-1398, where the surrounding
region contains a GG dinucleotide. This short stretch leaves sufficient margin for three dis-
tinct counterparts CT, CC, and TC that will not abrogate the target interactions. Within
all snoRNAs predicted to guide this precise modification, all three dinucleotides are indeed
present but are clearly not mappable to a certain origin within the taxonomic tree. This
implies several time points in evolutionary history where mutation from one dinucleotide to
another have occurred.
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snoRNA Genes in Metazoa
“ I love deadlines. I love the whooshing noise they make as they go by. ”
Douglas Adams, The Salmon of Doubt, 2002
In the following chapter, the focus is shifted from fungal snoRNAs towards evolutionary as-
pects of animal snoRNAs. By means of snoStrip, a comprehensive snoRNA dataset was com-
piled across nearly 50 vertebrate species enabling an in-depth analysis of snoRNA-targetRNA
interactions an how these are conserved since the origin of vertebrates. The ICI score proved
thereby as a reliable and specific method to reveal highly conserved interactions across a wide
range of species. The search procedure to gather the comprehensive snoRNA dataset is briefly
described in the following chapter while the evolutionary and coevolutionary aspects are dis-
cussed in great detail in the original publication [Kehr et al. 2014]. Several extraordinary
snoRNA families, which vary in length, structure, or general architecture from the vast ma-
jority, have been analyzed across a large amount of deuterostomes and protostomes. Focusing
on their evolutionary conservation, host gene conservation, and structural peculiarities, these
investigations shed light upon the virtually uncharted field of exceptional snoRNA. At the
end of this chapter, the advantages of snoStrip are illuminated in the area of whole genome
annotation projects.
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5.1 Detecting snoRNA Genes in Deuterostomia
As already stated, ribosomal and small nuclear RNAs comprise numerous modification sites.
The modification patterns are retained during evolution making it even possible to project
them from yeast onto human. This conservation of modification sites as well as the slow
evolution of rRNAs and snRNAs are at odds with the rapid evolution of snoRNA sequences
[Weber 2006, Luo & Li 2007, Schmitz et al. 2008, Hoeppner & Poole 2012]. In order to better
understand this apparent contradiction, the coevolution of snoRNAs with their target sites
across vertebrates was investigated in great detail focusing on the question if snoRNAs are
stable interaction partners for a certain modification or if a changeover of the RNA guide is the
common pattern in vertebrates [Kehr et al. 2014]. In this large scale analysis, the snoStrip
pipeline was successfully applied to explore the snoRNAome in nearly 50 deuterostomes. The
following section solely focuses on the compilation of snoRNA candidates while the reader is
referred to the original manuscript for an in-depth presentation and discussion of the results.
SnoRNA dataset
As query snoRNAs human sequences from snoRNA-LBME-db [Lestrade & Weber 2006] have
been combined with chicken snoRNAs reported by Shao et al. [2009] and platypus snoRNAs
that were published by Schmitz et al. [2008]. Information about the query sequences and the
47 vertebrates that were analyzed are given in in Table A.1 and Figure A.2 in the supplement.
Detailed information about the start sets and the included snoRNA families are shown in Table
5.1. In a first step, the snoStrip pipeline [Bartschat et al. 2014] was employed to complete
the start sets of the three organisms by a run against the own query organism. This was done
to retrieve all potentially missing homologs and to merge families with previously undetected
homologies. Subsequently, the pipeline was applied in a step-wise approach starting from
human and primates to search across various deuterostomes and finally in the chicken genome
to merge the initial query sets of human and chicken. In a first run, snoStrip was able to
detect homologies between 58 (of 91) box C/D snoRNA and 50 (of 62) box H/ACA snoRNA
families. The remaining sequences that were annotated by Shao et al. [2009] were added to
the snoRNA database and the entire set was used to search for homologous snoRNAs in the
egg-laying mammal O.anatinus. Merely 27 box C/D snoRNAs (of 141) and six box H/ACA
snoRNAs (of 66) were not detected by snoStrip. After the inclusion of the last, undetected
platypus snoRNA molecules in the query set, the pipeline was applied to search the remaining
part of the 47 investigated organisms such as Teleostei and basal deuterostomes. In a reverse
search procedure, all analyzed organisms were investigated again in an iterative manner to
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Table 5.1. The table lists the query sequences retrieved from the snoRNA-LBME-db (human)
and the publications by Shao et al. [2009] and Schmitz et al. [2008] (chicken and platypus,
respectively). The amount of snoRNA sequences and families as they are gathered in the
final snoRNAdataset are listed in the last two columns.
start set final dataset
organism type
sequences families sequences families
C/D 269 125 373 123
human
H/ACA 108 72 334 89
C/D 128 91 140 91
chicken
H/ACA 69 62 95 77
C/D 141 94 207 113
platypus
H/ACA 66 39 193 72
find still hidden homologies between snoRNA families. The final and comprehensive dataset
contains 147 box C/D snoRNA and 97 box H/ACA snoRNA families including 707 human,
235 chicken, and 400 platypus sequences.
To summarize, when starting from known snoRNA sequences in chicken, platypus and human,
a dataset of over 9000 snoRNAs categorized into 259 snoRNA families across 47 vertebrate
species was compiled by means of snoStrip. This enormous amount of sequence information,
automated box motif analyses and target predictions (accomplished by the integrated tools
PLEXY and RNAsnoop) enabled an in-depth investigation of coevolution between snoRNAs and
their targets, see Kehr et al. [2014].
5.2 Exceptional Animal snoRNAs
Besides the vast majority of canonical snoRNAs, several snoRNAs exhibit some of the char-
acteristic hallmarks but feature unexpected deviations of the norm in the form of exceptional
length, deviant secondary structures, or hybrid architectures. At least in some cases, these
deviations are explained by the presence of additional sequence boxes and corresponding
additional components of the snoRNP.
Among the sequences that can be retrieved from the snoRNA-LBME-db , typical box C/D
snoRNA have a length of 80 ± 11 nt. 14 of 272 sequences are longer than 120 nt. For box
H/ACA snoRNA an average length of 134 ± 7 can be determined, while 8 of 121 snoRNAs
exceed a length of 170 nt . Amongst the 21 scaRNAs, 3 are regular box C/D snoRNAs (of
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which U90 has length of 425 nt) and 9 are regular box H/ACA snoRNAs (of which ACA47
has a length of 188 nt). The remaining 9 scaRNAs have exceptional composite structures:
three snoRNAs (U22, HBI-43 and U6-77) have two C/D box domains, one snoRNA combines
two H/ACA box domains comprising a total of four hairpins (U93), four snoRNAs combine
a box C/D and a box H/ACA domain (U85, U87, U88, and U89), and the final case is a
telomerase RNA which will not be considered here.
The best-conserved snoRNA, the box C/D snoRNA U3, has already been dealt with in [Marz
& Stadler 2009b] and a fungi specific analysis can be seen in Section 4.6. In the following, six
additional snoRNA families will be reviewed whose lengths substantially exceed the expec-
tations, focusing on their evolutionary conservation, host gene conservation, and structural
peculiarities. For a review of exceptional dual scaRNAs, please have a look in the original
manuscript [Marz et al. 2011]. To this end, a comprehensive search for homologs across
available animal genomes was performed, see Tab. 5.2.
For each snoRNA family, known sequences were retrieved from the snoRNA-LBME-db, Rfam
(v.9.1 and v.10.0, seed sequences) and the novel chicken ncRNA GGN68 from Zhang et al.
[2009]. First, iterative Blast-searches in 105 animal genomes were conducted to retrieve ini-
tial candidates. The NCBI Genbank was additionally searched to record any direct evidence
for individual sequences. After generating alignments and predicting consensus structures
by means of RNAalifold, Infernal was utilized (v.1.0) to construct and calibrate covari-
ance models that were then used to search in those genomes for which the purely sequence
based approaches have remained unsuccessful. Candidates were added to the alignments and
evaluated. This step was repeated until no new candidates were found.
Host genes of known snoRNAs were identified in a first step with the Ensembl genome browser
[Spudich & Ferna´ndez-Sua´rez 2010]. Sequences of host genes, or in case no host gene was
annotated, the sequences of the adjacent protein coding genes, were downloaded. Host genes
were aligned with the help of ClustalW to verify possible homologies of protein-coding genes
with different names. Furthermore, the results of the protein search step were applied on
local genome versions to identify putative locations of more divergent snoRNAs.
The Infernal suite was utilized in order to assess distant homologies between snoRNA fam-
ilies. To achieve this, the members of one family were aligned and scored against the covari-
ance model of the other families after preliminary observations using cmcompare [Ho¨ner zu
Siederdissen & Hofacker 2010]. Since snoRNAs of the same class by definition have similar
secondary structure, a randomized set of sequences using RNAinverse [Hofacker et al. 1994a]
was generated to compare the bit score distributions.
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Table 5.2. Phylogenetic distribution and host genes of six unnormal snoRNAs. Numbers of animals
containing the observed snoRNAs are listed. The type of parentheses indicates association with the
host genes listed in the last row of the table. ♦ refers to a non-coding transcript located between or
adjacent to gene(s) listed in the parentheses. Numbers not enclosed by parentheses refer to species
where no host gene could be determined.
C/D box snoRNAs H/ACA
Organisms S
N
O
R
D
2
2
S
N
O
R
D
1
7
S
N
O
R
D
1
0
G
G
N
6
8
sc
a
R
N
A
7
S
N
O
R
A
5
3
Primates [4],2 [7] [6] [4] [6] [7]
Glires & Tbe [6],(1) [6] [6] [7] [5] [4]
Laurasiatheria [5],3 [7] [8] [8] [6] [7]
Afrotheria [1],1 [1] [2] [1] [1] [1]
Xenarthra (1) [1] – [2] [1] [1]
M. domestica [1] [1],{1} [1] (1),{1} [1] [1]
O. anatinus 1 (1) – [2-1] [1] [1]
A. carolinensis 1 (1) [1] [1] [1] [1]
Aves 1 (3-1) – [3] [3] [3]
X. tropicalis 1 (1) [1] [2-1] [1] [1]
Teleostei {5} (5) [5] [13-8] [4] [3-1]
C. milii 1 (1) – [1] – 1
P. marinus 1 – – [1] – [1]
B. floridae 1 – – $2-1$ – 1
Tunicata – – – [7-5] – –
S. purpuratus – – 1 – – [1]
S. kowalevskii – – 1 – – –
Drosophila – – – – – –
Panarthropoda – – – – – –
P. humanus – – – – – 1
D. pulex – – – – – 1
H. robusta – – – – – 1
L. gigantea – – – – – 1
C. capitata – – – – – –
A. californica – – 1 – – 1
N. vectensis – – – – – 1
R. spez – – – – – 1
T. adhaerens – – – – – 1
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Primates: H. sapiens, P. troglodytes, P. pygmaeus, M. mulatta, C. jacchus, O. garnettii, M. murinus; Glires: M. musculus, R. norvegi-
cus, S. tridecemlineatus, C. porcellus, O. princeps, O. cuniculus; Tbe: T.belangeri; Laurasiatheria: F. catus, C. familiaris, B. taurus,
S. scrofa, E. caballus, M. lucifugus, E. europaeus, S. araneus; Afrotheria: L. africana, E. telfairi; Xenarthra: D. novemcinctus, C. hoff-
manni; Aves: T. guttata, G. gallus, M. gallopavo; Teleostei: D. rerio, T. nigroviridis, T. rubripes, G. aculeatus, O. latipes; Tunicata:
O. dioica, C. intestinalis, C. savignyi; Drosophila: D. pseudoobscura, D. yakuba, D. melanogaster, D. erecta, D. simulans, D. sechellia,
D. grimshawi, D. mojavensis, D. persimilis, D. virilis, D. ananassae; Panarthropoda: G. mositans, A. aegypti, A. gambiae, N. vitripennis,
C. quinquefasciatus, T. castaneum;
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Box C/D snoRNAs and scaRNAs
U22 (SNORD22). The SNORD22 RNA, like U3, U8, and U14, belongs to the small group
of snoRNAs that govern the cleavage of the ribosomal RNA precursors instead of directing
chemical modifications. In the absence of SNORD22, mature 18S rRNA fails to accumulate
[Tycowski et al. 1994]. SNORD22 is expressed from the conserved host gene SNHG1 (also
known as UHG) [Frey et al. 1997], which shows little sequence conservation on the exons
and besides SNORD22 harbours several other snoRNAs [Tycowski et al. 1996]. Expression
of SNORD22 is known in human and mouse [Tycowski et al. 1996], Xenopus [Tycowski et al.
1994], and rhesus [Zhang et al. 2010]. In addition, [Schmitz et al. 2008] annotates the platypus
C/D box snoRNA Oa1907 as an ortholog of the human SNORD22 and Oa1925 as an ortholog
of a human SNORD22 pseudogene. With a length between 116 nt (Petromyzon) and 129 nt
(Microcebus), it just slightly exceeds the typical length range for box C/D snoRNAs.
The sequence of SNORD22 is well-conserved. Homologs are described throughout the gnathos-
tomes in the snoOPY database ∗, and additional SNORD22 sequences are detectable in basal
vertebrates and in the cephalochordate Branchiostoma floridae. The host gene SNHG1 also
harbours several other unrelated, canonical snoRNAs, namely snR56, SNORD25, SNORD26,
SNORD27, SNORD28, SNORD29, SNORD30, SNORD31. Some of these snoRNAs, including
SNORD22, are duplicated in some species. The genomic position of the host genes SNHG1 is
syntenically conserved within tetrapods (between SLC3A2 and WDR74) and, at a different
locus, within teleosts (between B3GAT3 and ARL2).
HBI-43 (SNORD17). This snoRNA, and its mouse ortholog MBI-43 [Hu¨ttenhofer et al.
2001] stand out because of its exceptional size for a box C/D snoRNA, ranging from 187 nt
in Tetraodon to 256 nt in Spermophilus. Two paralogous sequences are reported for rhesus
[Zhang et al. 2010], and a chicken ortholog GGN47 is reported in [Zhang et al. 2009]. It has
a predicted target in the 28S rRNA (human U3797). Mammalian homologs are reported in
snoRNA-LBME-db. Further orthologs could be identified throughout all gnathostomes by a
homology search. The snoOPY database, in addition, lists the C. elegans gene Y74C9A.6 as
a homolog.
In Eutheria, SNORD17 is located in an intron of SNX5. The second copy in the human
genome is found in an intron of the adjacent OVOL2 gene. In T. belangeri, E. caballus, and
S. araneus the annotated SNX5 gene is located downstream of SNORD17. Most likely, this
is caused by incomplete gene models rather than a relocation of SNORD17. In Monodelphis,
∗http://snoopy.med.miyazaki-u.ac.jp
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a second copy is located in CSRP2BP. In earlier gnathostomes, including the shark C. milii,
however, SNORD17 is associated within dyskerin (DKC1), a key component of box H/ACA
snoRNPs.
mgU6-77 (SNORD10). SNORD10 exceeds the typical length of a box C/D snoRNA by
80% (148 nt in human). It was attested to direct 2’-O-methylation of both C77 in U6 and
C2970 in 28S in Xenopus oocytes [Tycowski et al. 1998]. SNORD10 is located in a cluster with
SNORD48 (upstream) and SNORD67 (downstream) in EIF4A1, the eukaryotic translation
initiation factor 4A. This association with SNORD48 and SNORD67 is evolutionarily recent
since in vertebrate other than Eutheria, EIF4A1 harbors SNORD10 only. While SNORD10
seems to be untraceable in B. floridae, P. marinus and C. milii, there are putative homologs
in S. purpuratus, S.kowalevskii and even A. californica, which, however, are not located in an
intron of EIF4A1. The snoOPY database, furthermore, lists the C. elegans gene T03F7.8 as
a homolog.
GGN68. The GGN68 snoRNA was initially described by Zhang et al. [2009] in mouse
and was found to be 227nt in length. However, it is highly conserved across vertebrates and
features highly conserved C and D boxes, a short terminal hairpin, and a sequence motif
AGATTATGAGAT upstream of box D, which most likely corresponds to the guide region.
As a snoRNA, it is exceptional since it contains a long low complexity region in the central
part of the sequence. The total length of the gene is thus highly variable, ranging from 163 nt
in Mus to 289 nt in Tursiops.
With few exceptions, GGN68 homologs are found in the intron between exons 10 and 11 of
the LARP4 gene throughout vertebrates (exon numbers refer to the human LARP4 gene).
In addition, paralogous sequences are found in several species, often populating additional
exons of LARP4. Short RNA fragments deriving from GGN68 have been reported for hu-
man [Friedla¨nder et al. 2008], chicken [Glazov et al. 2008], cattle [Glazov et al. 2009], and
monotremes [Murchison et al. 2008]. The latter survey annotates one of the fragments as
microRNA oan-mir-1357.
The position C676 of the human 18S rRNA is predicted as a possible target by PLEXY [Kehr
et al. 2011]. Although the target location is well conserved, the predicted binding energies
are rather moderate and the position does not coincide with a known methylation site.
U90 (SCARNA7). This Cajal body specific box C/D snoRNAis predicted to guide the
2’-O-ribose methylation of residue A70 of U1 snRNA [Darzacq et al. 2002]. Its length ranges
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from 285 nt in T. gutatta to 425 nt in G. aculeatus, a large part of which consists of an
exceptionally long and quite well-conserved, roughly symmetric region between C and D’,
and C’ and D box, respectively. The unusual length variation is caused by a repetitive G/U
insert. Homologs throughout the amniotes have been reported in the snoRNA-LBME-db. By
means of a homology search, SCARNA7 is further traceable to the root of vertebrates and is
always located in an intron of the KPNA4 gene.
Box H/ACA snoRNA and scaRNA
ACA53 (SNORA53). With a length above 200nt this orphan snoRNA is exceptionally
large for an otherwise inconspicuous box H/ACA snoRNA. Experimental surveys for snoR-
NAs have uncovered SNORA53 homologs in human [Kiss et al. 2004], rhesus [Zhang et al.
2010], platypus (Oa1744) [Schmitz et al. 2008], and chicken (GGN66) [Zhang et al. 2009].
Orthologs across tetrapods are reported in the snoOPY database. SNORA53 is one of the
most divergent snoRNAs in both sequence and structure. By means of systematic survey,
SNORA53 sequences can be recorded throughout metazoa. Across deuterostomes, it is lo-
cated in an intron of the highly conserved mitochondrial phosphate carrier SLC53A3. The
Strongylocentrotus purpuratus candidate contains an insert almost 1700 nt in length. It re-
mains unclear, however, whether this is an artifact in the genome assembly.
ACA47 (SCARNA16). This box H/ACA scaRNA shows a regular architecture. With
a length between 150 nt in T. gutatta and 188 nt in C. familiaris, it lies outside the typical
size range for box H/ACA snoRNAs, however. It was experimentally detected in human
[Kiss et al. 2004] and chicken (GGN10) [Zhang et al. 2009] but can be found in throughout
tetrapods and teleosts. In Tetrapoda, it derives from the non-coding host gene C17orf86,
while in teleosts, on the other hand, SCARNA16 resides in an intron of the protein coding
gene PDHA1.
Recapitulation
Aberrant snoRNAs fall into two broad classes: Some exceptional structures are characterized
by the incorporation of additional sequence and structure motifs, whose function so far re-
mains to be elucidated. SCARNA7 and GGN68 with their low complexity regions, and the
remaining sequences that are discussed here, belong to this group. The second class arose
through fusion of snoRNAs and a large part of which are known to be C/D-H/ACA hybrids.
For a detailed description of those, the reader is kindly referred to Marz et al. [2011].
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5.3 snoRNA Annotation Projects
With the sequencing of the human genome it became evident that protein coding sequences
only make up about 1.2% of a mammalian genome [International Human Genome Sequencing
Consortium 2004]. It has since then been a main challenge to analyze the remaining part of
the genome. A non-negligible fraction of the genome consist of non-coding RNAs (ncRNAs).
In spite of the progress in both computational RNA biology and experimental techniques,
annotating ncRNAs in (large) animal genomes still remains a major challenge. The challenge
is to carefully pin point only functional ncRNAs, which can be done through similarity to
existing ncRNAs or de novo through a combination of RNA structure prediction and RNA-seq
data. In case of small nucleolar RNAs (snoRNAs), the snoStrip pipeline provides a ncRNA
class specific tool that takes advantage of already known snoRNA molecules to facilitate the
identification of snoRNA genes in novel genomes by determining homologous relations.
In the following, two approaches utilizing the snoStrip pipeline to annotate snoRNA genes
are described in more detail and point at the benefits of such an automated workflow. The
complete annotation surveys can be seen in its original publications covering structured RNAs
and synteny regions in the pig genome [Anthon et al. 2014], and the duck genome and tran-
scriptome that provides insight into an avian influenza virus reservoir species [Huang et al.
2013].
Annotation of non-coding RNAs in Sus scrofa
Annotating mammalian genomes for non-coding RNAs (ncRNAs) is nontrivial since far from
all ncRNAs are known and the computational models are resource demanding. In contrast to
the human genome, which currently holds the best mammalian ncRNA annotation, a more
direct strategy is desired for the increasing number of sequenced mammalian genomes of
which some, such as the pig, are relevant as disease models and production animals.
To address the problem of ncRNA annotation of a mammalian genome using a reasonable
amount of man-power resources, the focus in the following annotation process is set on struc-
tured RNAs, a main characteristic of many ncRNAs and regulatory elements in UTRs of
mRNAs. Therein, a pipeline is introduced that uses the complementing resources of sequence
or structure homology searches. The incorporation of snoStrip into this annotation pipeline
is highly beneficial for both the amount of predicted snoRNA genes and their quality and
reliability.
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Figure 5.1. The annotation module of the pipeline takes as input any number of sequences and
runs a number of external annotation tools on it. This leads to the initial annotation of
the RNA loci in the sequence. A naming and resolving tool decides on the final annotation
of the locus. The picture is adapted from Anthon et al. [2014]. All three modules of the
pipeline are explained in the original publication.
snoStrip as Part of a ncRNA Annotation Pipeline
Besides the opportunity to utilize the snoRNA annotation pipeline snoStrip as a ’stand
alone’ program to fulfill its natural purpose to particularly identify snoRNA genes, it might
be reasonable to incorporate it into a larger pipeline to systematically identify structured
ncRNA regions in newly assembled genomes. The whole pipeline used to identify ncRNAs
in the pig genome consists three distinct layers or modules, while the annotation module is
shown in Figure 5.1. Therein, structured RNA loci in a given input sequence(s) are annotated
(an RNA locus is in this work defined as a set of overlapping RNA structure or sequence
annotations). The annotation is based on a number of methods, classified as either sequence
based homology search, structure based homology search, RNA class specific methods, or de
novo structured RNA prediction. RNA class specific methods are typically based on sequence
or structure homology search but with some additional knowledge about the RNA, at present
tRNAscan-SE [Lowe & Eddy 1997], RNAmmer [Lagesen et al. 2007], and snoStrip [Bartschat
et al. 2014] are used to identify tRNAs, rRNAs, and snoRNAs, respectively. These method are
particularly used to further enhance and extend the sequence and structure based predictions.
snoRNAs in the Pig Genome
The snoStrip pipeline was applied with standard parameters, i.e., snoRNA sequences were
accepted as homologous with a sequence identity higher than 85% and a minimal length of
at least 90% of the given query, the E-value cutoff was 1e-10. The false positive rate of the
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snoStrip tool was gauged by running it on a shuﬄed version of the pig genome. No results
were found in the shuﬄed sequence when running snoStrip at the same cutoffs as those
applied on the real pig genome.
The query set of snoRNAs was identical to the dataset used for the annotation of snoRNA
genes in Deuterostomia. The raw annotation of snoRNAs compiled by snoStrip in S.scrofa
contains 173 snoRNA families located at 515 loci. In comparison, Infernal identified 508 Rfam
based snoRNA loci. However, out of the 645 combined Infernal and snoStrip loci, 130 are
unique to Infernal and 137 are unique to snoStrip.
The conservation and curation of snoRNAs in pig are discussed in this section. Using synteny
between pig and human, 268 or 42% of the snoRNAs loci in pig could be curated.
Like miRNAs, snoRNAs are often found in clusters and 73 such clusters containing multiple
snoRNAs within a distance 10,000 nt are identified. In two particular cases large snoRNA
clusters identify snoRNA host genes in pig, which are at present missing from the Ensembl
annotation. In human these two transcripts, called SNHG1 and GAS5, are known to harbour
a number of snoRNAs. The human version of SNHG1 harbours SNORD25, SNORD26,
SNORD27, SNORD28, SNORD22, SNORD29, SNORD30, SNORD31, and the same genes
in the same order are observed in pig. GAS5, similarly displays exactly the same genes in
human and pig. The 23 snoRNAs contained in these two host genes are curated based on this
information.
The snoRNA database contains a set of curated human snoRNAs. Using the syntenic pairwise
alignments between human and pig, the automatically generated snoRNA annotations were
manually inspected. The results were filtered by 60% sequence identity between human and
pig. In total 268 loci are curated using this approach, corresponding to 189 snoRNA families.
The 278 non-curated members of these families were marked as pseudogenes. While the cutoff
for sequence identity is 60%, all curated members were found to have a sequence identity above
70% between pig and human. It is noteworthy that only 64 (23%) of the curated snoRNAs
are found with high confident Blast, while the remaining curated loci are either found by
snoStrip, Infernal or a combination of both.
This kind of synteny analysis is strictly limited to known genes in other organisms, here
human. As an example, eight copies of SNORD14 are found in pig. A closer inspection,
however, reveals that three of them have exact copies close to each other. These copies are
likely to be the result of an incorrect assembly. Hence, there are two SNORD14 clusters
in pig, one with two members and one with three members. In human, only two curated
copies are annotated in the snoRNA database. However, a detailed investigation using the
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Table 5.3. The snoRNA and ncRNA sequences identified in duck, turkey, chicken and zebra finch.
Duck Turkey Chicken Zebra finch
snoRNA sequences 217 213 229 213
snoRNA families 170 165 173 157
total ncRNA sequences 817 835 1021 773
pig SNORD14 genes reveals a total of 5 copies in human all scoring about equally well. These
form two clusters with 2 and 3 members, respectively, each cluster syntenic to those in pig.
To summarize, the incorporation of snoStrip into the ncRNA annotation pipeline clearly
yields two crucial advantages: the substantial enhancement of the high-confident snoRNA
genes (137 distinct loci, 21.2%) and the affirmation of 378 previously Infernal detected
snoRNAs (58.6%) which perspicuously increases the level of reliability for those prediction. A
further layer of trustworthiness is added by the fact that snoStrip predictions on a randomly
assembled pig genome generated zero false positives.
Annotation of non-coding RNAs in Anas platyrhynchos
Based on the newly sequenced genome of the duck, the annotation of proteins and ncRNAs
were used to investigate immune-related genes based on deep transcriptome analysis [Huang
et al. 2013]. The project encompassed transcriptome data from different tissues and high
confidence gene annotation. The snoStrip pipeline was therefore integrated to detect re-
liable predictions of snoRNA genes. Within the projects scope gene annotation builds the
foundation to a more in-depth investigation of the immune system interplay of the duck with
avian influenza A viruses.
The duck diverged from chicken, turkey, and zebra finch 90 to 100 million years ago. As
genome database for ncRNA annotation served a newly assembled genome of a 10 weeks
old female Beijing duck with approximately 64 fold coverage. The main source of snoRNA
sequences for the homology search were chicken snoRNAs annotated in the study of Shao
et al. [2009], but also snoRNA sequences that were retrieved from snoRNA-LBME-db [Lestrade
& Weber 2006] were used as query set.
At the time of this survey, the development of the snoStrip pipeline and the snoBoard
database were not yet completed.
Nevertheless, the principles of snoRNA annotation have already been defined. A stepwise
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Blast-approach was applied, going from homologous snoRNA queries in closer related organ-
isms to more distant species. Afterwards, the candidate sequences were filtered with respect
to their ability to fold into the typical snoRNA structure, to develop a kink-turn motif (solely
box C/D snoRNAs), and to the presence of the characteristic sequence motifs. The Blast-
procedure was repeated for each snoRNA family until no new homologous snoRNA sequence
could be added as query in a new round of searching.
The stepwise Blast-search was applied to chimpanzee, mouse, cattle, opossum, platypus,
chicken, turkey, zebra finch, lizard and zebra fish. The evolutionary conservation of the
identified snoRNAs was studied within other sequenced avian species. Unfortunately, no ri-
bosomal RNA sequences of duck were available, hindering functional analyses for the snoRNA
sequences in duck. However, the results of the snoRNA annotation across various birds are
summarized in Table 5.3.
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Fungal U6 snRNAs are
Intron Interrupted
“ To summarize the summary of the summary: people are a problem. ”
Douglas Adams, The Restaurant at the End of the Universe, 1980
The removal of introns from mRNA precursors (pre-mRNA) is facilitated by an ubiquitous
and multimeric machinery denoted as spliceosome. This complex involves the pre-mRNA,
four different small nuclear ribonucleoproteins (snRNP) and several other auxiliary proteins
[Matera & Wang 2014]. The snRNPs are usually composed of a single small nuclear RNA
(snRNA) and a set of associated proteins. In eukaryotes, this holds for the snRNAs U1, U2,
and U5, while both U4 and U6 snRNA are base-paired and hence incorporated into a single
snRNP [Bringmann et al. 1984, Hashimoto & Steitz 1984]. During the splicing process, the U1
snRNP interacts with the 5’ splice site, the U2 snRNP interacts with the branch site region.
After binding of the U5 snRNP and the U4-U6 snRNP, conformational changes are responsible
for the decomposition of the U4-U6 base pairing and the subsequent release of U1 and U4
prior to the first catalytic reaction. A paired U2/U6 complex, where U2 additionally pairs
with the branch site and U6 pairs with the 5’ splice site, brings the branch site adenosine and
the 5’ splice site into close proximity for the first splicing reaction [Kandels-Lewis & Sraphin
1993]. An excellent review illustrating the precise role of each RNA and protein factor is
given by Matera and Wang [Matera & Wang 2014].
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However, the U6 snRNA is the most conserved snRNA pointing at a central role in the splicing
process [Brow & Guthrie 1988]. Besides, U6 is quite exceptional in several other aspects. U1,
U2, U4, and U5, share a common 2,2,7-trimethylguanosine 5’ cap and an internal Sm protein
binding site. All these snRNAs are transcribed by Pol II. U6 snRNA, on the other hand,
lacks these structural properties. Instead of a trimethylguanosine cap, U6 genes possess a
γ-monomethyl phosphate ester as 5’ end modification [Singh & Reddy 1989]. Furthermore,
U6 snRNA genes are transcribed by RNA polymerase III in vertebrates [Kunkel et al. 1986,
Reddy et al. 1987], insects [Das et al. 1987] and the budding yeast [Moenne et al. 1990,
Brow & Guthrie 1990]. The common Poly-T tract at the end of the snRNA is a characteristic
termination signal of Pol III. In general, Pol III transcripts can be classified into three different
groups depending on their promoter elements, their promoter structure, and the required
transcription factors and auxiliary proteins (reviews of the Pol III assembly and transcription:
[Schramm & Hernandez 2002, Geiduschek & Kassavetis 2001]). Type 1 genes include the
5S rRNA whose promoter is composed of one major internal element, denoted as C box
[Geiduschek & Kassavetis 1992]. Several species specific proteins are additionally needed
for successful transcription. Type 2 genes include tRNAs, adenovirus VA genes, and several
interspersed elements whose promoter consists of two internal located elements, normally
referred to as A box and B box. The A box is usually in close proximity to the transcription
start site while the distance between both promoter elements differs considerably among
species and transcripts [Marck et al. 2006]. The transcription of type 2 genes is dependent
on the two transcription factors TFIIIB and TFIIIC, the recruiting and assembling factor,
respectively [Schramm & Hernandez 2002]. Type 3 genes include, for example, the vertebrate
U6 snRNA and 7SK RNA utilizing an upstream TATA box element which is part of a multicore
promoter located complete upstream of the specific transcript.
S.cerevisiae and S.pombe U6, however, differs from vertebrate U6 snRNA gene in a way
that solely the TATA box remains from the multicore promoter [Mattaj et al. 1988, Lobo
& Hernandez 1989]. Furthermore, an A box was found to be internally located closely to
the transcription start and a B box element resides 120nt downstream of the transcription
termination site. Minimal identifying sequence elements for both motifs could be determined
to be TRGYNNANNNG and GWTCRANNC in ten yeast organisms, respectively [Marck
et al. 2006].
The presence of an A and B box was also detected in the RNA component of the ribonuclease
P (RPR1), or the snR52 snoRNA in the budding yeast [Kachouri et al. 2005, Bonnerot et al.
2003] The overall transcript structure is not settled, neither in different Pol III transcripts nor
in the same transcript but in different species. In case of the RPR1, for example, the A and
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B box are both located upstream of the mature product, but downstream of the transcription
start site, while in SCR1, the RNA component of the signal recognition particle (SRP), both
promoter motifs can be found within the mature product . In the U6 snRNA, however, the
A box is located within the mature snRNA, whereas the B box is found downstream of the
mature product (S.cerevisiae). In the fission yeast, the A box is similarly positioned at the
beginning of the mature snRNA, but the B box motif is located in the snRNA encoded intron
resulting in a shift from a distant downstream region into a temporal fragment within the
pre-RNA [Marck et al. 2006]
Around 1990, the U6 gene in the fission yeast Schizosaccharomyces pombe was found to encode
an intron-like sequence of approx. 50 base pairs [Tani & Ohshima 1989]. The canonical
intron splice site and branch site motifs suggested that this fragment might be a true intron.
Furthermore, the impaired splicing of pre-U6 snRNAs in S.pombe mutants with defective pre-
mRNA splicing mechanism, pointed at the common pre-mRNA splicing procedure to be in
charge for the removal of the U6 intron [Potashkin & Frendewey 1989]. Later on, homologous
introns were found in closely related species of the Schizosaccharomyces genus [Frendewey
et al. 1990]. These introns are located in the exact same position within the U6 precursor
and share considerable sequence similarity indicating a common origin. Additional introns
encoded by the two Basidiomycota Rhodotorula hasegawae and Rhodosporidium dacryoidum
were not found to be homologous to the Schizosaccharomyces introns suggesting that the
introns arose at several time points during the fungal evolution [Tani & Ohshima 1991].
In the following, a homology-based search procedure and the subsequent analysis of fungal
U6 genes is described. The main focus was set to potential intron-like sequences and the Pol
III promoter associated sequence elements [Canzler et al. 2016].
6.1 Detection of U6 Genes and Property Extraction
The evolution of U6 snRNA genes within 147 fungal organisms whose genomes are available
in decent quality was conducted. Selected organisms ranged from Microsporidia, Mucoromy-
cotina, Blastocladiomycota, and Basidiomycota to a large group of Ascomycota. A complete
taxonomic tree can be found on the supplement page∗.
All U6 snRNAs that are annotated in the Rfam database [Nawrocki et al. 2015] for the cho-
sen fungi representatives were used as queries in a Blast-based homology search. Additional
paralogs and new orthologs were retrieved directly. Missing sequences were searched with
relaxed Blast parameters, regarding word size and gap penalties, to retrieve short conserved
∗www.bioinf.uni-leipzig.de/publications/supplements/15-046
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regions which were then concatenated in a subsequent chaining process. This method allowed
the detection of intron interrupted snRNA genes even without a query containing a homolo-
gous intron. GotohScan was applied to species were no U6 candidate was uncovered with the
previous method [Hertel et al. 2009].
To detect the intron characteristic sequence motifs MEME [Bailey & Elkan 1994] was applied
on the putative intron sequences to retrieve motifs of length 7nt (5’splice site and branch site)
and 5nt (3’splice site), respectively.
The pre-snRNA U6 was extended by 300nt up- and downstream and MEME was used to detect
the Pol III characteristic sequence motifs: TATA box, box A, and box B. Box A motifs were
searched in the flanking regions and the mature snRNA, with the initial consensus sequence
TRGYNNANNNG. Boxes B were searched in the potential introns and the flanking region of
the snRNA with the starting consensus sequence GNTCNANNC. Both initial box motifs were
retrieved from Marck et al. [2006]. Since MEME has problems with identifying a given but
variable (in length) motif within a highly conserved RNA, FIMO, a motif detection tool that
is also part of the MEME-suite∗, was additionally applied with the same consensus sequences
to search for potential A box motifs in mature U6 snRNAs for sequences were no other A
box was detected. TATA boxes were exclusively searched in the 300nt upstream region with
consensus sequence TATAWW.
6.2 Intron Interrupted U6 snRNA Genes
In total, U6 snRNA genes in 145 of the 147 fungal organisms could be detected. In the
Microsporidia Vittaforma corneae, Edhazardia aedis, and Nematocida parisii, U6 seems to be
highly diverged. Nevertheless, by means of the GotohScan approach a potential U6 snRNA
gene was successfully identified in N.parisii leaving merely V.corneae and E.aedis without a
detected U6 transcript.
The length of the mature transcript ranges from 100nt in Aspergillus or Schizosaccharomyces
to 120nt in Basidiomycota due to an enlarged region directly upstream of the poly-T ter-
mination signal. Gene copy numbers are partially dependent on the certain fungal lineage.
In Taphrinomycotina and Saccharomycotina, U6 is commonly present in one single copy.
The exception of this rule is given by Metschnikowia bicuspidata in the Saccharomycotina
lineage, whose genome harbors 14 nearly identical copies. Organisms of other lineages like
Leotiomycetes or Dothidiomycetes typically encompass one, two or three distinct U6 snRNA
genes, while Agaricomycetes harbor four to nine different genes on average, see Figure 6.1.
∗http://meme-suite.org/doc/fimo.html
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In most species with more than one present U6 gene, gene structures differ with respect to a
potential intron insertion, the presence, and the precise location of several Pol III associated
promoter elements.
Various sequence alignments of precursor RNAs and mature U6 snRNAs can be found on
the supplement website. Pictures showing the gene structure of each detected U6 transcript,
including introns and promoter elements are further provided in the supplement.
Among the 145 fungi species that encode 335 U6 RNA transcripts, 46 different transcripts
that harbor the total amount of 59 intron-like sequences were detected. These transcripts
were identified in 42 species. Four organisms were detected to contain two different transcripts
with at least one intron, namely Alternaria brassicicola, Cryphonectria parasitica, and the two
Fusarium species F.verticillioides, and F.oxysporum. Most of the intron harboring U6 genes
are interrupted by precisely one intron, however, six, two, and one transcripts are split by
two, three, and four introns, respectively, cf. Figure 6.1.
U6 Introns exhibit pre-mRNA Intron Properties
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Figure 6.2. Boxplot of intron lengths
and distances between the branch point
adenosine and the 3’ splice site (BP-
AG distance) gathered from the 59 pu-
tative U6 snRNA introns.
In their survey covering 11.000 fungal introns
in the five species Cryptococcus neoformans,
Schizosaccharomyces pombe, Saccharomyces cere-
visiae, Aspergillus nidulans, and Neurospora
crassa, Kupfer et al. [2004] extracted general
properties of fungal pre-mRNA introns including
intron length distributions as well as splice and
branch site sequence motifs.
Intron length. When S.cerevisiae introns are
neglected because of their significantly larger size,
the mean intron length in the remaining four
species varies between 69 and 119nt. The domi-
nant peak in the intron length distribution is lo-
cated between 50 ant 70nt [Kupfer et al. 2004].
Other fungal species comprise even smaller in-
trons like the Microsporidia Encephalitozoon cu-
niculi or the Mucoromycotina Rhizopus oryzae,
with a median length of 32 and 57nt, respectively
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Figure 6.1. Figure caption is displayed on the right hand side.
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Figure 6.1. Condensed taxonomic tree of all analyzed fungal organisms is shown on the left.
Organisms showing similar gene structure with respect to intron insertions and Pol III
promoter motifs are summarized into their respective lineages. The amount of different
organisms contained in one lineage is given in parentheses. A red star indicates potential
intron insertion events that are based on recognizable intron sequence homology and on
precise homologous insertion positions within the mature snRNA. For detailed information
see the intron homology section. The median amount of paralogous snRNA genes that were
found in each organism is shown in the middle. The minimal and maximal values, in case
they differ from the median, are given in red error bars. On the right side, the predominant
gene structure is shown, i.e., this structure was found in at least one paralog of (nearly) all
organisms that were grouped in the specific lineage. In case a single species is described,
the structure containing the most Pol III motifs is shown.
[Irimia & Roy 2008]. The length distribution of the detected U6 introns is in good agreement
with these values: the median length is 56nt and the two central quartiles of the 59 introns
are between 51 and 59nt long, see Figure 6.2.
Intron consensus splice sites. The canonical intron dinucleotide splice sites 5’GT-AG3’,
5’GC-AG3’, and 5’AT-AC3’ constitute the overwhelming majority of all detected introns in
fungi (ranging from 81% in N.crassa to 93% in C.neoformans) and therein, 98 to 99,9%
show the 5’GT-AG3’ pattern [Kupfer et al. 2004, Rep et al. 2006]. Again, the putative U6
introns fit thoroughly these common properties. 57 out of 59 introns show the predominant
5’GT-AG3’ motif (96,6%), while one 5’GC-AG3’ intron (1,7%) and one 5’GT-GG3’ intron was
found. The 5’GC-AG3’ motif was detected in the sole R.graminis intron and the 5’GT-GG3’
pattern was found in one of the both U6 genes of C.parasitica. Interestingly, both U6 copies
of C.parasitica harbor a mRNA-like intron at different positions, but the intron with unusual
dinucleotide boundaries is encoded in that gene that incorporates more variations from the
consensus sequence.
5’ splice site (donor sequence). The consensus sequence for the 5’ splice site derived from
five fungal organisms was found to be 5’GTRWGT (R being purine, W being either A or T).
This sequence could be narrowed to 5’GTAWGT in both fission and budding yeast and to
5’GTRAGT in the two filamentous fungi and the Basidiomycota C.neoformans [Kupfer et al.
2004]. The sequence logo derived from the 59 U6 introns can be seen in Figure 6.3. 33 of these
introns match the fungi specific consensus sequence perfectly (56%). An additional amount
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Figure 6.3. Sequence logos derived by MEME from the 59 potential U6 snRNA introns. The
sequence logos for the most 3’ dinucleotides of the upstream exon, 5’ donor site, branch
site, 3’ acceptor site, and the first dinucleotides of the downstream exon are shown from
left to right. The precise branch point is indicated by an arrow. The y axes displays the
frequency of occurrences of a nucleotide in bits. The relative height of a letter is pro-
portional to the relative frequencies of the nucleotide in the respective multiple alignment
column.
of 14 (23,7%) and 6 (10,2%) potential introns show one mutation in the slightly variable
middle positions (RW) or the last two positions (GT), respectively. Four sequences (6,8%)
exhibit deviated nucleotides in two positions, either in both middle positions (3) or in the 4th
and 5th position (1). Solely one potential intron shows three mutations with respect to the
proposed consensus motif: the pattern 5’GTCCGG was detected in intron 3 of the second
F.graminearum paralog.
The overall consensus sequence calculated by MEME was 5’GTAAGT and matches extraordi-
nary well the fungi consensus and even the metazoan consensus 5’ splice site motif.
3’ splice site (acceptor sequence). In similarity to higher eukaryotes like metazoan, fungi
consensus acceptor sites were found to possess a YAG3’ pattern, where Y denotes a pyrimi-
dine [Kupfer et al. 2004, Irimia & Roy 2008]. Within the set of putative introns, this distinct
pattern is detectable in 57 cases (96,6%). More precisely, the 3’ splice site was found to show
the TAG3’ and CAG3’ motif in 22 (37,3%) and 35 (59,3%) intron-like sequences, respectively.
Merely one canonical 5’GT-AG3’ intron carries a deviated nucleotide in the -3 position, ex-
hibiting the AAG3’ pattern (1,7%). The donor sequence of this intron, which is the first in
the F.oxysporum U6 gene encoding two potential introns, shows a strictly canonical splice
site motif. In addition to unusual 5’GT-GG3’ dinucleotide boundaries, the intron located in
the second paralog of C.parasitica harbors one mutations in the 3’ slice site motif (TGG3’)
and two mutations in the 5’ splice site motif (5’GTAGAT). The MEME-derived sequence logo
can be seen in Figure 6.3 and the U6 intron specific 3’ splice site consensus motif is YAG3’.
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Branch site consensus sequence. The branch site is the key element for lariat formation
during the splicing process [Reed & Maniatis 1988]. In fungi, the general branch site motif
was determined to be RCTRAY where the A in pos. +5 is the precise branch point whose
2’OH group performs the nucleophilic attack on the first nucleotide of the intron at the 5’
splice site [Kupfer et al. 2004, Irimia & Roy 2008]. The majority of the 59 introns provide
a perfect match to the consensus branch site RCTRAY (50 of 59). 43 of these sequences
contain the even more stringent RCTAAY motif (72,9%), whereas 7 potential introns show
the RCTGAY pattern (11,9%). Three additional sequences share a deviated 5’ nucleotide
leaving an inviolate ’core motif’ CTRAY (5,1%). The remaining six sequences developed
a single mutation either in their second (AATAAC in F.graminearum and ATTAAT in
O.maius), fourth (GCTTAC in Glarea lozoyensis and two introns of R.minuta), or sixth
position (ACTAAA in C.parasitica) constituting an amount of 10,2%. The general consensus
sequence derived from the 59 potential introns was determined to be RCTAAC and the
corresponding sequence logo is shown in Figure 6.3. Remarkably, the branch point adenosine
is conserved in each putative intron sequence.
The average distance between the branch point A and the 3’ splice site differs quite signif-
icantly between species. A general distance in fungi was denoted to be 13 to 36nt [Kupfer
et al. 2004], while single organisms can show a considerable shorter distance, e.g., in the fission
yeast the branch point is located 6 to 18 nt upstream of the 3’ splice site [Mertins & Gallwitz
1987], while in the Hemiascomycetes Yarrowia lipolytica the branch site is precisely located
two base pairs upstream of the YAG3’ splice site motif [Irimia & Roy 2008]. The median
distance between the branch point A and the 3’ splice site in the U6 intron set is 12nt, see
Figure 6.2(b).
U6 introns are spread over several fungal lineages
Expanding the results published by Frendewey et al. [1990] stating that the intron encoding
U6 snRNA gene is uniquely present in the Schizosaccharomyces lineage, even closely related
species like Taphrina deformans and Saitoella complicata were found to comprise U6 genes
that are likewise interrupted by an intron. Interestingly, these are located at different positions
and show no indisputable sequence homology. The latter organisms and the fungi in the
Schizosaccharomyces genus are all part of the Taphrinomycotina lineage. Each of the species
encodes exactly one U6 snRNA while the intron is located in the most conserved region that
is thought to be important in U4:U6 interaction [Rinke et al. 1985].
As previously published by Tani & Ohshima [1991], an U6 snRNA gene harboring one and
four introns was experimentally detected in Rhodosporidium dacryoidum and Rhodotorula
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Figure 6.4. Consensus sequence of all fungal U6 RNA genes containing at least one intron
in their precursor. Intron positions are rather randomly distributed within the U6 gene.
Each intron position is precisely indicated by an arrow, introns are denoted by the species
3-letter-abbreviation, the transcript number, and the intron number. The potential base
pairing of U4 and U6 snRNAs is indicated by a black line. The marked ACAGAGA region
is highly conserved across Fungi and Metazoa and provides the binding site for the 5’ splice
site of the intron [Kandels-Lewis & Sraphin 1993].
hasegawae, respectively. These introns, however, show no significant sequence similarity.
Novel intron interrupted U6 genes could be detected in the closely related species of Sporo-
bolomyces linderae, Rhodotorula graminis, and Rhodotorula minuta. The latter one was found
to possess the total amount of three introns. Again, the introns showed neither an obvious se-
quence similarity to one another nor to the previously detected U6 introns in Basidiomycota.
Since all other Basidiomycota contain intronless U6 snRNA genes, the phenomenon of intron
interrupted U6 snRNAs can be narrowed to Pucciniomycota, a subgroup of the multifarious
Basidiomycota, confer Figure 6.1.
Additional intron interrupted could be identified in the Pezizomycotina lineage. These snR-
NAs are either located in the Leotiomycetes (incl. Botrytis, Sclerotinia), Sordariomycetes
(incl. Fusarium, Neurospora), or Dothidiomycetes (incl. Mycosphaerella, Alternaria) sub-
group. In Eurotiomycetes, the last subgroup of Pezizomycotina, the U6 snRNA genes are
not interrupted by introns. The overall gene structure (number and positions of introns in
U6) and number of paralogous U6 snRNA genes in each of these species varies significantly.
Copy numbers vary between the common state of one U6 snRNA gene, which is either in-
terrupted by an intron (Sclerotinia sclerotiorum) or without an intron (Chalara longipes),
160
6.3. Intron Homology
and 14 genes in Penicillium expansum and Penicillium chrysogenum. Most U6 genes encode
a single intron, albeit some U6 genes were found that encode three (e.g. Fusarium gramin-
earum) or even four introns (Mycosphaerella pini) in the precursor of the 100nt short snRNA.
The Fusarium genus is a perfect example for the rapid changes within the U6 gene structure:
each of the three Fusarium species harbors exactly two U6 genes. However, these differ ex-
traordinarily in their intron count. Fusarium verticillioides on the one hand encodes 2 genes
with 1 intron each, while Fusarium oxysporum encodes 1 U6 snRNA with 1 intron and 1 U6
snRNA with 2 introns. The previously mentioned F.graminearum encodes 1 gene that is not
interrupted by an intron and 1 gene harboring 3 introns. Interestingly, the closely related
Nectria haematococcaencodes solely 1 U6 gene with exactly 1 intron.
Intron encoded ncRNAs In eukaryotes, introns are known hosts for short non-coding RNAs.
The novel U6 introns were tested for similarity to any Rfam annotated RNA family using the
GotohScan approach. However, such potential short RNA molecules that might be hidden
within the U6 introns were not identified.
Intron Localization. Since U6 genes are highly conserved even among distantly related
species, the intron positions are precisely detectable and comparable within the snRNA tran-
script. Contradicting previous remarks that known U6 introns are predominantly located in
restricted regions [Tani & Ohshima 1989; 1991], all putative 59 introns presented here are
quite uniformly distributed within the snRNA, see Figure 6.4. It is apparent, however, that
closely related species frequently share introns located at the same positions which may in-
dicate a common origin. Examples are given by the group of introns placed after position 25
(Sordariales) or position 46 (Hypocreomycetidae) in the consensus sequence shown in Figure
6.4. Nevertheless, because of the amount of detected introns and the short transcript length
it does not come as a surprise that introns of distantly related species eventually occupy a
common position, e.g., after position 26 where the Basidiomycota R.minuta (rmi) and the
two Pezizomycotina M.pini (mpi) and M.variabilis (mva) share a common intron position.
6.3 Intron Homology
To determine whether introns of different U6 transcripts are related the pairwise sequence
identities of all intron pairs and was calculated intron positions were checked for similarities.
Operationally, a set of introns is defined as homologous if each of its members shares a sequence
identity of at least 65% to at least 2 other cluster members. Six such intron clusters could
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Figure 6.5. Heatmap of pairwise sequence identities of all U6 introns. The introns are ordered
with respect to their absolute position in the U6 snRNA sequence. Potential cluster of
introns showing more than 65% sequence identity are boxed. Clustered sequences suggest
a common origin. It is apparent that introns that are located at the same position often
show a significant sequence similarity. Since this is a symmetric heatmap, the saturation
in the lower half is dimmed due to visibility reasons.
be classified, containing 23 introns and 3 loosely linked introns, that might share a common
ancestor (Figure 6.5). The intron positions and the overall transcript structure is also highly
similar within each cluster. Naturally, the evolution of introns is not constrained very much,
such that a signal of common origin may be lost already within a few million years. Thus,
lower similarities cannot be interpreted as proof that sequences are not related by common
descent.
Nearly 90% sequence similarity was found between the introns of B.cinerea and S.sclerotiorum
(cluster I at position 16). The related G.lozoyensis shows 66% identity to both other introns
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indicating a potential common ancestor at the root of the Helotiales, see Figure 6.1, although
the G.lozoyensis intron is shifted 5nt downstream. However, such an event implies that
other Helotiales transcripts in M.variabilis and C.longipes have lost the intron and, in case
of M.variabilis, two novel independent introns have been incorporated into the precursor.
A subgroup of Sordariales (C.globosum, M.thermophila, T.terrestris, and T.arenaria) shares
introns with a mean pairwise identity of 70% (cluster II at position 25). The single intron
of P.anserina U6 (marked with asterisk in Figure 6.5), which is also a member of the Sor-
dariales, shows 65% sequence identity to the C.globosum intron, but its position is shifted
two nucleotides downstream (position 27). Introns of the closely related Neurospora species
have a mean pairwise similarity of 92% (III) and the exact intron insertion site as the sec-
ond cluster. Nevertheless, the identities between those two clusters range from 43% to 56%,
hence it cannot strictly be ruled out that they either arose from independent intron insertion
events that are coincidentally located at the same position or that they in fact descend from
a common ancestor that emerged at the root of Sordariales.
The four species of the Glomerellales lineage, V.alfalfae, V.dahliae, S.alkalinus, and A. alcalo-
philum, show a high sequence similarity (cluster IV at position 46) and share the same intron
insertion point indicating a common origin. With the inclusion of the N.haematococca intron,
which shares over 65% sequence identity to all four Glomerellales, the point of origin might
even be shifted to the root of Hypocreomycetidae (incl. Fusarium and Trichoderma, see Fig-
ure 6.1). This becomes even more plausible with the two Fusarium introns of F.verticillioides
transcript 1 and F.oxysporum transcript 2, which share a pairwise identity of 78% and, again,
are located in the same position. But admittedly, the only connection to the previous introns
is a similarity of 65% to the N.haematococca intron. However, especially the Fusarium and
Trichoderma genus show high variability in their gene structure but sparse affinity to one
another regarding their introns suggesting multiple intron insertion and deletions events in
their recent history. The first intron of Z.tritici (ztr.1-1, marked with a ’#’) has a convincing
sequence identity to the nha.1-1 and val.1-1 intron (72% and 67%, respectively), although it
is located four nucleotides farther upstream. The intron tvi.1-2 of T.virens (denoted with ’^’)
shares 67% sequence identity with its closely related species A. alcalophilum but the insertion
point is at position 70, 24 nucleotides further downstream.
Another cluster (V at position 47) comprises the introns of the Schizosaccharomyces U6
snRNA genes with a mean pairwise identity of 70%. Closely related species of T.deformans
and S.complicata show neither convincing sequence similarity to this cluster (47% and 34%,
respectively) nor to one another (42%). In addition, the introns of the these two species are
shifted five and seven nucleotides downstream, respectively. These facts suggest that there
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might have been independent intron insertions in the Taphrinomycotina lineage.
A common origin is highly plausible for the introns of both A.brassicicola transcripts (VI at
position 81), since they share nearly 90% identity. The striking conservation of the mature
snRNA but the missing similarity in the flanking regions suggest a gene duplication after the
intron insertion.
There are several remaining high similarity connections between two introns of different
species (denoted with a question mark in Figure 6.5). The identities of cgl.1-1 with cpr.1-1
(67%), cpr.1-1 with nha.1-1 (68%), and cpr.1-1 with vda.1-1 (65%) potentially indicate a
link between the cluster II and IV, although it might not appear to be highly parsimonious.
Another high similarity was detected between the single intron of S.japonicus and the intron
of F.oxysporum transcript 1 (68%). However, this is probably no true homology, since these
two species are very distantly related and no other supporting connection in more closely
related species was found. Also, note that a large fraction of the intron (approx. 35% of the
sequence) holds the promoter specific motifs, hence it is likely to find some similar introns by
coincidence.
The remaining 32 introns share only marginal sequence similarity beyond the splice site motifs.
They are further located at various different positions within the snRNA gene, even among
closely related species. This points at multiple species-specific intron insertions rather than
a common ancestral state for these cases.
6.4 Pol III Promoter Elements
All 335 U6 transcripts and 300nt up- and downstream flanking regions for the characteristic
Pol III promoter elements.
TATA box. TATA box elements were exclusively searched in the300nt upstream flanking
region. Amongst all 335 U6 transcripts, 201 show convincing TATA box motifs with the
consensus TATAWW (60,2%). 59 of these motifs were found in early branching fungi such
as Microsporidia, Blastocladiomycota, or Basidiomycota (out of 124 transcripts detected in
43 organisms, 48,0%), while 142 elements were discovered among 211 Ascomycota U6 genes
(encoded by 104 organisms, 67,3%). The median distance between the TATA box and the
transcription start is 29nt, while the interquartile range is between 27 and 86nt. A remarkable
shift towards slightly closer TATA boxes can be seen in Ascomycota since the mean distance
is shifted from 89,9nt to 55,6nt (p-Value 0,0014).
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A box element. In a previous publication regarding U6 snRNAs, an identified A box
promoter element was always located within the mature transcript [Marck et al. 2006]. The
motif search using MEME and the related FIMO, which is part of the MEME-suite, in each mature
transcript and both the 5’ and 3’ flanking regions (300nt) confirmed these results. 163 A
box like sequences were found in the snRNA genes, whereas similar motifs were neither
detected in the upstream nor downstream regions. The consensus sequence was determined
to be TGGTCAAWTTR, with the invariant bases G, T, C, and A in position 2, 4, 5, and
7 (underlined) present in nearly all detected motifs. The derived sequence logo is shown in
Figure 6.6.
A remarkable distribution of the A box motifs can bee seen when they are mapped to the taxo-
nomic tree since such motifs are exclusively detected in Ascomycota. Therein, 163 transcripts
out of 211 (77,3%) possess an A box motifs.
B box element. Intrigued by the finding that the Pol III associated B box promoter
element is translocated into the intron sequence [Frendewey et al. 1990], the 59 potential
snRNA introns were analyzed with respect to a present consensus B box motif. By means of
MEME, B box motifs were detected in 26 distinct introns within 26 distinct transcripts with the
consensus sequence GTTCGAWWC (the sequence logo can be seen in Figure 6.6). This motif
is even more stringent than the previously defined GWTCRANNC. Former results identifying
B box motifs in introns of Schizosaccharomyces U6 genes were confirmed by this motif search.
The closely related species of T.deformans and S.complicata were also found to contain this
promoter element in their single intron. Additional evidence corroborating the correctness of
these motifs might be given by the fact that two B box motifs were neither found in the same
intron nor in different introns belonging to the same transcript. Each B box motif was found
in the first intron of the transcript with the exception of F.graminearum, were the motif was
found in the second of its total three introns.
The independent search for potential B box elements in the 300nt downstream region of
all 335 U6 genes returned 111 candidates with the consensus GTTCGARWC (Figure 6.6). No
box motifs was found twice in the same flanking region and no promoter element was found
downstream of the transcript were a consensus motifs was previously detected in the intron.
The sole exception of this rule was identified in Trichoderma reesei, were a highly confident
B box was found in the single intron (GTTCGAATC) and a virtually identical copy was
observed 200nt downstream of the transcript (GTTCGACTC). Nine of the 20 transcripts
carrying an intron but no B box motif in their snRNA gene exhibit such a promoter motif in
their downstream flanking region.
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Figure 6.6. Sequence logos of different Pol III associated promoter elements derived by MEME.
(a) Intronic B box elements were detected 26 times amongst the 59 U6 snRNA intron
sequences. (b) B box motifs in the flanking regions were exclusively found in the 300nt
downstream region of 111 U6 transcripts. (c) A box motifs were detected in the mature
snRNA of 163 genes. (d) TATA box elements were found in 201 of the 335 300nt long
upstream flanking region.
Thus, in total 136 U6 snRNAs in fungi were found with a B box either in the first or second
intron or within the first 300nt downstream region of the gene. Within early branching fungi,
only 2 of 123 transcripts are associated with a B box motif (1,6%). In Ascomycota, on the
other hand, over 63% of all detected U6 genes (134 of 211 transcripts) have a B box motif.
Overall, the promoter structure appears to be quite flexible in Ascomycota. Even paralogous
transcripts or genes of closely related species combine the three promoter motifs in various
different ways. A potential connection to phylogenetic branching events was not detected
(data not shown).
6.5 U6 Introns - Recapitulation
The U6 snRNA gene family was systematically analyzed in fungi. With 2 exceptions, U6
snRNAs were found in all fungal genomes. A number of 59 introns were found to be inserted
into 46 distinct snRNA genes. The previously described intron interrupted U6 genes are thus
not exceptional but rather the norm in fungal U6 genes. A single U6 gene may harbor up
to four introns. All introns clearly conform to the usual spliceosomal introns in fungi w.r.t.
donor, acceptor, and branch point sequences and their length respective length distribution.
Only closely related species show conservation in intron sequence, count, and position within
the snRNA U6 gene. Those introns can clearly be traced back to a shared ancestral state. In
contrast, the absence of high levels of sequence conservation cannot be used to conclude that
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introns have originated independently. As introns evolve very rapidly, evolution may have
had enough time to eradicate ancestral sequence similarities. Another possible view on these
cases is that the insertion of intron(s) may have happened multiple times during evolution.
U6 genes in fungi also show high diversity in the presence and location of Pol III promotor
elements. Some genes are transcribed due to a TATA box, some exhibit a B box while others
might be transcribed because of a cooperated promoter consisting of a TATA box, A box,
and B box. This raises interesting biological questions about the meaning of these differences
and the specific transcription levels of the distinct paralogous U6 genes.
Albeit nearly all introns show exceedingly convincing pre-mRNA like intron properties, only
the previously detected introns of the Schizosaccharomyces genus and both transcripts in
R.hasegawae and R.dacryoidum are experimentally validated. However, the overall authentic
splice site and branch site motifs as well as the distances between these sites militate the
validity of the novel U6 introns. An exceptional short exon of four nucleotides was detected
in Mycosphaerella pini retaining the highly conserved region that is responsible for the U6/5’
splice site binding. Similar short exons were previously found in Aspergillus nidulans (6nt)
and Cryptococcus neoformans (7nt) [Kupfer et al. 2004] moving this finding in the bounds of
possibility.
Randomly distributed intron insertion points within the mature U6 snRNA, overall low se-
quence conservation – except of course for the donor, acceptor, and branch point motifs –
and the absence of introns in many U6 genes rather suggest that fungal U6 genes acquired
introns in multiple independent events. Introns of closely related species, on the other hand,
are frequently located at homologous positions and share recognizable levels of sequence sim-
ilarity. These introns thus form homologous groups. Overall, the (re)organization of the
U6 transcript structure seems to be subjected to short time scales since even organisms of
the same genus encode several but completely individually organized transcripts (confer the
Fusarium or Trichoderma species).
The precise mechanism of intron insertion remains unclear. The randomly distributed introns
appear to be at odds with the theory that U6 introns are a product of reverse splicing, i.e.,
the excised mRNA introns are incorporated in close proximity to the catalytic domain of U6
[Tani & Ohshima 1991]. Instead, this might point at a more general and non-spliceosomal
insertion mechanism as it was suggested for the mRNA-type intron found in the U3 snoRNA
in S.cerevisiae [Myslinski et al. 1990]. The lineage- and species-specific intron insertion events
as they were discovered for fungal U3 snoRNAs [Marz & Stadler 2009a] features significant
similarities to the insertion patterns that were observed in this study.
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Introns in other spliceosomal RNAs than U6 are found exclusively in the fungi R.hasegawae.
In addition to the four introns in the U6 gene, there is also one intron each in the U1 and
U2 snRNAs and two introns in its U5 snRNA [Takahashi et al. 1993; 1996]. Whether these
results are truly species specific or solely the tip of the iceberg remains to be investigated.
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Discussion
The Evolution of snoRNAs
“ It is known that there are an infinite number of worlds, simply because thereis an infinite amount of space for them to be in. However, not every one
of them is inhabited. Therefore, there must be a finite number of inhabited
worlds. Any finite number divided by infinity is as near to nothing as makes
no odds, so the average population of all the planets in the Universe can
be said to be zero. From this it follows that the population of the whole
Universe is also zero, and that any people you may meet from time to time
are merely the products of a deranged imagination.
”
Douglas Adams, The Restaurant at the End of the Universe, 1980
For more than two decades, the formerly irrevocable central dogma of molecular biology
stating that genes are generally protein coding and that genomic information flows from DNA
into proteins through an RNA intermediate, was utterly crushed by a plethora of findings in
all major eukaryotic lineages. Large scale transcriptome studies in human [The ENCODE
Project Consortium 2007] and mouse [Maeda et al. 2006] established the existence of non-
coding RNAs (ncRNAs) as an abundant class of regulatory elements in mammalian cells.
Similar studies, e.g., in invertebrate animals [Manak et al. 2006], plants [Yamada et al. 2003],
and fungi [Havilio et al. 2005, Jo¨chl et al. 2008] revealed the highly scattered and complex
169
7. Discussion
genomic information landscape in eukaryotic life forms.
Due to continuous developments in experimental and computational research, the collection
of ncRNA classes grew larger and larger, including key-processes in cellular lifespans, such as
transfer RNAs (tRNAs) in mRNA-translation or spliceosomal RNAs (snRNAs) in pre-mRNA
splicing. The observed diversification of regulatory processes that are, in part, ncRNA-driven
and ncRNA-mediated unveil an astonishing and extremely sophisticated network of processes
that both control and regulate the whole cellular machinery. Typical examples are given
by micro RNAs (miRNAs) or piwi-interacting RNAs (piRNAs) that are involved in post-
transcriptional gene silencing.
To fully understand the connections and interactions between the single players in the biomolec-
ular system of the cell, it is inevitable to gather information about all participants involved,
their specific characteristics, and general working mechanisms. The interplay of experimental
and bioinformatic approaches is fundamental to achieve that purpose.
The tendered work focuses on the computational part and presents solutions for automated
gene finding, annotation, and the extraction of molecular characteristics of a special class of
ncRNAs: small nucleolar RNAs (snoRNAs). Furthermore, it is demonstrated how these novel
gene annotations can be used in large scale analyses to unravel the evolutionary history of
this specific RNA group.
Recapitulating the Results of this Work
Both classes of snoRNAs, box C/D and box H/ACA snoRNAs, play important roles to en-
sure the functionality of ribosomes by modifying specific nucleotides within the ribosomal
RNA sequences. Several other functions such as modifications of snRNAs, involvements in
alternative splicing, the association with tissue specific expressions, and the still uncertain but
clearly observable connection to cancer made this class of small RNA molecules a highly inves-
tigated one. Although the gene finding and annotation were mainly troublesome, tedious and
hand-crafted, several model organisms were experimentally screened for their snoRNAome,
including human and yeast. Based on known characteristics, several de novo prediction tools
had been developed to ease the annotation process, e.g., snoGPS [Schattner et al. 2004] or
snoReport [Hertel et al. 2008]. This was clearly a step forward and enabled a closer look at
the snoRNA diversity in a small group of species, but due to its nature, machine learning
algorithms, which are the basis for prediction tools, come with a major drawback: a not
neglectable and not accurately determinable amount of false positives.
However, despite these circumstances, such programs have laid the foundation for a flour-
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ishing annotation of snoRNA molecules, oftentimes with a coupled experimentally validation
of the results to reduce the number of false positives. Several databases collecting the re-
sults became publicly available, e.g., the human snoRNA-LBME-db [Lestrade & Weber 2006],
the yeast snoRNA database UMass [Piekna-Przybylska et al. 2007], or the Plant snoRNA
Database [Brown et al. 2003], but led inevitably to another obstacle: each database provides
its own naming format making the comparison of snoRNAs between different species nearly
impossible. Even functional annotations, such as species specific modification sites, are rather
inadequate for comparisons, since the mapping of modification sites is mostly not provided.
The snoStrip pipeline was created to address the previously mentioned issues and difficulties.
Its main purpose is to ease the annotation process and the subsequent feature extraction,
including secondary structure prediction and the determination of target sites, as well as to
enable a comparison of snoRNA sets amongst different organisms. In contrast to other tools,
snoStrip incorporates a homology-based search algorithm rather than a de novo prediction.
It therefore focuses on the extension of the known snoRNA world to uncharted organisms
and a unification of the existing diversity among already analyzed species. The latter issue
is addressed by an internal mechanism that detects highly homologous stretches within the
crucial regions of the snoRNA molecule and by a comparison of predicted modification sites
due to the utilization of targetRNA alignments. The pipeline is therefore able to automatically
detect homologous snoRNA families, even if they are named differently.
Because of its design, snoStrip uses previously identified snoRNA sequences as queries to
search for homologous molecules in a set of organisms. It is applicable to all eukaryotic
kingdoms wherever validate input sequences are available, e.g., Ophistokonta (comprising
the kingdoms Animalia and Fungi) or Archeaplastida (including the kingdom Plantea). The
pipeline was also successfully applied to detect snoRNAs in the flagellated protozoan parasite
Giardia lamblia which belongs to the Excavata. The snoStrip pipeline comprises several
advantages which enable it to be utilized in quite different scenarios and settings. First of all,
it combines two distinct operation modes: 1) the previously mentioned search for homologous
snoRNA families in newly sequenced genomes and 2) the possibility to analyze experimentally
derived snoRNA-like sequences for their conservation across a bunch of organisms. The latter
mode is extremely useful to gather information about a potential conservation of box motifs
and target sites which lead to more reliability about the declaration of a sequence as ’snoRNA’.
The search algorithm utilizes the heuristical approach of Blast [Altschul et al. 1990] yielding
a very fast but yet reliable prediction of snoRNA candidates. Slower but more accurate
methods such as Infernal [Nawrocki & Eddy 2013] and GotohScan [Hertel et al. 2009] are
also incorporated but oftentimes not needed. The subsequent feature extraction is also very
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fast (mainly bound by a pairwise alignment of the Blast-query and the candidate and the
prediction of potential target interactions), which enables the pipeline to be applied to large
mammalian genomes to search for the complete snoRNAome. This has been impressively
demonstrated by the two whole genome ncRNA annotation projects where snoStrip was
incorporated; the systematic analysis of structured RNAs and synteny regions in the pig
genome [Anthon et al. 2014] and the investigation of immune-related genes by transcriptome
analysis of influenza A infected ducks [Huang et al. 2013]. Hence, snoStrip is the first tool
which allows large scale analyses of snoRNA evolution across a whole kingdom of organisms.
Due to its overall outstanding prediction quality of target interactions (RNAsnoop is utilized
for box H/ACA snoRNA [Tafer et al. 2010], while RNAplex is applied to box C/D snoRNA
[Kehr et al. 2011]), a profound large scale analysis investigating the coevolution of snoRNAs
and their targets became feasible.
Furthermore, snoStrip works on similarity data and incorporates stringent criteria before
denoting a potential candidate as ’snoRNA’, e.g., restricted amount and position of mutated
nucleotides within the highly conserved box motifs or the formation of a Kink-turn in box C/D
snoRNAs, making it a reliable source for automated gene annotation and verification. This
empowers the gained results and annotations to be used in subsequent high-quality analyses
such as the investigation of tissue-specific expression or processing patterns in cancer research
or the immune-related regulation of genes under stressful conditions like an influenza infection
[Huang et al. 2013].
Insights into the Evolution of Small Nucleolar RNAs
The basis for this thesis is formed by several studies dealing with snoRNAs in different
eukaryotic kingdoms and their evolutionary aspects. Some of them are solely reviewed briefly
here, such as the detection of coevolution of snoRNAs and their targets in Deuterostomes
[Kehr et al. 2014] or the evolutionary analysis of exceptional snoRNAs across Metazoa [Marz
et al. 2011]. The main part of this thesis is, however, formed by a large scale analysis that
shed some light in the evolutionary history of snoRNA molecules in Fungi [manuscript in
preparation]. Within both studies across Deuterostomes and Fungi, the snoStrip pipeline
was applied to a small set of experimentally verified snoRNAs with the aim to merge non-
identified homologous families and uncover the snoRNAome in a wide range of species. The
detected snoRNA genes and families helped to trace evolutionary events such as innovations
and losses and the functional analysis of potential target interactions added a new layer
of information. This enabled the detection of ’functional homologies’, meaning that two
snoRNA families are found to guide the same modification but share too little sequence
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identity to be found by means of homology-based search methods. Because of these both
pillars of information, snoStrip is able to detect a third evolutionary event of importance:
the reinvention of a specific modification. Based on the functional characteristics of the
snoRNAs and the Interaction Conservation Index (ICI), the coevolution of snoRNAs and their
targets can be measured. This measure combines the evolutionary conservation of the precise
RNA-RNA interaction with its thermodynamic stability and hence serves as an extraordinary
marker for highly conserved modification sites and interactions.
In the survey covering snoRNAs in Deuterostomia, snoStrip was applied to a set of ex-
perimentally detected snoRNA genes of three species: human, chicken, and platypus. In
total, the pipeline uncovered more than 9000 snoRNAs in 47 species, generating the most
comprehensive and reliable collection of animal snoRNAs today.
In this massive amount of data, the ICI score was able to add new edges to the network of
snoRNAs and their interactions helping to find even distantly related sequences that share
the same function. In addition, this measure proved itself as a reliable method to detect
modification sites to formerly orphan snoRNAs or vice versa, see [Kehr et al. 2014].
The investigation of the evolutionary history in a wide range of fungal organisms started under
similar conditions as the survey for deuterostomes. This time, five different sets of mostly
experimentally verified snoRNAs were merged and used for querying 147 fungi. Since fungal
genomes are significantly smaller than vertebrates, such a large set of organisms is still feasible
to be analyzed with the snoStrip pipeline. In total, a set of over 5500 box C/D snoRNAs (68
families) and 2200 box H/ACA snoRNAs (50 families) was assembled. Again, the automated
annotation of snoRNAs and their characteristics and the highly efficient target prediction in
combination with the ICI scores were key-factors to sort and rearrange the landscape of fungal
snoRNAs. In doing so, many snoRNAs of the distinct query sets have automatically been
merged into functional homologous families and the majority of previously orphan snoRNA
has been mapped to families were snoStrip convincingly predicts a conserved target, or to
families where a certain modification was already experimentally verified.
Similar to Metazoa, it is apparent that fungal box H/ACA snoRNAs show a higher loss-ratio
compared box C/D snoRNAs. This might have a biological explanation that manifests itself
on two different levels. Since box H/ACA snoRNAs do not share long ASEs but rather short
bipartite pseudouridylation pockets, it becomes considerably harder to detect homologous
snoRNAs over large evolutionary timescales, both on sequence level and a functional point of
view. But due to its short interacting regions, these molecules are more vulnerable for target
site disrupting mutations and, in consequence, for a presumable loss of functionality which
might in fact lead to a higher rate of losses.
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In general, fungal snoRNAs are found to stably preserve their target interactions and most
families are found to contain exactly one highly conserved anti sense element. The remaining
target region is in turn free to evolve or to adapt to new lineage or even species specific targets.
Due to the novel ICI score, this scenario is evidently measurable from a computational point
of view. To what extent this still holds in vivo remains unclear, since target predictions and
the measurement of conservation of certain interactions in a small set of organisms is only of
limited value and highly restricted without experimental evidence.
The same holds for any prediction of any interaction that is merely traceable in a small group
of organism. It is therefore irrelevant whether the prediction is made on the ’non-constrained’
target site of a family, on either of both sites in an orphan snoRNA family, or as a lineage
specific target that is additionally predicted at highly conserved anti sense elements. The
amount of species and the evolutionary distance between them are the key-factors for the
reliability of computationally derived information about the biological function, i.e., target
predictions that are detected over a wide range of species, ideally over different lineages, show
more validity in a biological meaning than predictions that are observed in a single species or
clade.
The aspect of additional target interactions that are predicted at the highly conserved ASE of
a snoRNA family is still mainly unexplored, but the possibility that a single snoRNA target
site comprises two distinct guiding functions has at least been reported for budding yeast box
H/ACA snoRNAs. Distinct in that sense means target sites that are not directly adjacent.
The budding yeast snoRNA family HACA 3, for example, is verified to target two modifica-
tion sites in its second hairpin. Both interactions are furthermore traceable across Dikarya.
In some cases of box H/ACA snoRNAs, these additional targets gain better ICI scores than
the experimentally derived modification site. Such highly convincing predictions might not
be regarded as junk although they lack experimental support on both the interaction level
and the validation of the genuine modification itself. Based on the specialized ribosome hy-
pothesis, the possibility of distinct ribosomal conformations in different developmental stages
and stress levels might also affect the modification level of ribosomal RNAs and hence, might
lead to still hidden modifications and interactions [Xue & Barna 2012]. A convincing exam-
ple of a remarkably conserved but yet unannotated additional interaction is provided by box
C/D snoRNA family CD 43. The experimentally verified modification site is 18S-1400. This
site is highly conserved and convincingly predicted with an ICI score of 0.95. However, the
even better conserved and higher scoring interaction at position 18S-614 (ICI: 1.61) remains
hypothetical without experimental support. A further example is given by CD 61 which has
the total amount of four additional convincing predictions for its D’ target (ICI score greater
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than 1), besides its experimentally confirmed guiding function. These findings suggest the
possibility that snoRNA are, at least under certain circumstances, able to guide different
modifications with the same anti sense element. This might be dependent on developmental
phases, or more complex mechanisms that might be triggered by probability rates with re-
spect to the actual binding energy. In a potential scenario, interactions with extraordinary
low binding energies are preferentially executed while additional guiding functions might be
performed less often or even on demand.
Another interesting finding is made by the observation that several modification sites are
found to be potentially guided by two, three, or even more snoRNA families. Therefore, it
is unimportant whether this precise site is verified to be modified or not or whether these
particular snoRNA families are known to guide this modification or not. In some cases,
the predictions are made for the ’known’ and highly conserved anti sense element, meaning
that the predicted interaction might solely be an additional one, while in other cases the
unconserved binding region is predicted to guide the modification. A perfect example for this
situation is given by the predicted pseudouridine at position 5.8S-18. This particular position
is not known to be modified yet, but several highly convincing predictions in distinct families
have been made by RNAsnoop. The most reliable one was conducted in family HACA 8, where
45 of 57 snoRNAs are predicted to guide this modification (ICI score of 1.02 and a mean mfe
of -32.44). This is also the highest scoring target prediction of the complete family, although
the family was originally annotated to guide a target located at the 18S rRNA, which was not
found to be conserved. The Neurospora specific orphan family HACA 16 is also predicted
to guide 5.8S-18 with a reasonable mfe of -25.91. In three other families, 5.8S-18 is merely
predicted as an additional target site, besides their main high-scoring and experimentally
verified guiding functions. However, the interaction energies and the amount of predicted
organism seem promising: family HACA 17 is predicted to guide this pseudouridine in 11 of
its 100 snoRNAs (mean mfe -28.54), HACA 28 is predicted to guide the position in 32 of 105
sequences (mfe -33.31) while HACA 42 shares the modification within 62 of 125 snoRNAs
(mfe -30.36). Interestingly, Eurotiales, such as Aspergillus and Penicilium, are predicted
to guide this position with four of the five previously mentioned families. The fact that
specific modification sites are predicted to be guided by more than just one snoRNA family
in the same organism has several possible reasons. When thinking about tissue specificity
or developmental stage specificity of snoRNA families, it might happen that certain families
are underexpressed or even completely silenced under particular conditions which might lead
to an insufficient rate of pseudouridines or methylations. Therefore, the necessity for this
modification might have let to a shift or duplication of the target binding capability to another
snoRNA family.
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In general, one can say that the snoRNA landscape is permanently changing, i.e., whole
snoRNA sequences vanish and novel molecules are introduced, guiding functions may be
shifted from one snoRNA to another, they may be duplicated, or they get lost. That means,
the creation, change, and loss of snoRNA genes is an on-going process, that also leads to a large
number of lineage or even species specific snoRNAs, detectable target switches, and the loss
of single families or even large fractions of the whole snoRNAome. Additionally, the amount
of present snoRNA families is found to be considerably higher in Metazoa, for example, in
human, than for lower eukaryotes such as yeasts. This is in line with the assumption that
growing complexity leads to growing regulatory networks.
Besides that, several aspects about the snoRNAome in Metazoa and Fungi are similar. A
common feature is the detectable burst in the snoRNA diversity at each major branching
point in the taxonomic tree of both kingdoms. In case of box C/D snoRNAs, the distribution
of orphan, single guided, and double guided snoRNAs is quite similar compared between fungi
and the human snoRNA atlas [Jorjani et al. 2016]. Therein, over 70% of box C/D carrying
snoRNAs are found to be single guided (75% in Fungi), while the other fraction is to one
part double guided and to the other part orphan (same in Fungi). In box H/ACA snoRNAs,
the situation looks a little bit different, since human double guided snoRNAs comprise the
largest group (47%). In Fungi, solely 22% of box H/ACA snoRNA families is found to guide
two distinct pseudouridines with both hairpins.
Outlook and future prospectives
Although the research in the field of snoRNAs made significant progress, uncovered additional
functions, and identified an enormous amount of snoRNA families in a bunch of organisms
spread over a large set of phyla, it is far from done. Especially the trace for the origin of this
ncRNA class still promises interesting findings. This particular research field is enormously
fueled by the two large scale analyses of the evolutionary history of small nucleolar RNAs,
that are described in this thesis. Before that, only a small subset of different species in
distinct eukaryotic kingdoms were analyzed with respect to their snoRNAome prohibiting
advanced insights into the evolution. But the extensive sets of snoRNAs that were gathered
by snoStrip in Fungi and Deuterostomia, as well as a nearly finished survey in plants [Patra
et al., manuscript in preparation], present perfect starting points for an in-depth analysis of
ancient snoRNAs. In the evolutionary studies that are presented here, a large fraction of
snoRNA families is found to be highly conserved down to the root of its respective kingdom,
indicating an evolutionary ancient origin. The novel possibilities to uncover snoRNAs in a
large set of species and to easily detect and rank the corresponding target predictions, even
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with respect to its evolutionary conservation, provides an extraordinary stable and reliable
toolset for evolutionary analyses even further down the phylogenetic tree. In combination
with mapping of target sites between different eukaryotic kingdoms, the search for the last
common snoRNA ancestor becomes even more realistic. Nevertheless, even if the search for
the ultimate ancestor goes amiss, such investigation will probably unravel some interesting
and useful insights, e.g., which modification sites have independently evolved more than once
during history and thus, might indicate major importance.
Besides research focusing on the overall picture, there are still some small pieces of the puzzle
to detect. Although snoStrip was able to join a substantial fraction of orphan snoRNAs with
other already annotated families, the destiny of some orphan guides, especially the lineage
specific ones, remains to be disclosed. In turn, some modifications, e.g., U5-54 (U5-39, Gm),
U5-58 (U5-43, Um), U5-60 (U4-45, Psi), or U5-62 (U5-47, Gm) in the fission yeast [Machnicka
et al. 2013], are still not assigned to any snoRNA family implying that these guiding sequences
are either not found yet or the particular modification sites are incorrect.
Intron-interrupted non-coding RNAs
In both surveys about the fungal U3 snoRNA and the fungal U6 snRNA, the respective
ncRNAs are found to be ubiquitously present in nearly all fungal lineages. The U3 snoRNA is
an extraordinary member of the box C/D snoRNA class and its respective secondary structure
changes considerably even between closely related lineages. The target binding efficiency does
not seem to be impaired or diminished. Furthermore, U3 genes are the only snoRNAs that
are found to be interrupted by U2-dependent introns. The U6 snRNAs are also detected
to be occasionally interrupted by major introns. Intronic sequences within the snRNA and
snoRNA precursors are detected in a widespread of fungal species and share canonical pre-
mRNA intron splice sites and branch sites. In contrast to U3 snoRNAs, where intron insertion
points are located in close proximity to one another, the introns in U6 snRNAs are located
at rather different positions within the pre-snRNA molecule. The latter finding may indicate
distinct timepoints during fungal evolution where such introns might be invented. Whereas,
the narrowed region, in which the introns are inserted in U3 snoRNAs, might indicate a
common origin. In the cause of time this intron was either preserved, shifted, or lost at
several occasions to shape the U3 landscape observed today. However, the precise mechanism
on how these intronic sequences are functionally introduced remains unclear.
Besides introns in the U6 snRNA, the basidiomycote Rhodotorula hasegawae was also attested
to carry intronic sequences in its U1, U2, and U5 snRNAs [Takahashi et al. 1993; 1996]. To
prove whether these findings are solely species specific or to detect novel ncRNA genes that
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are intron-interrupted, the same approach as it is described for U3 snoRNA and U6 snRNA
is easily adaptable to different RNA molecules.
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“ A common mistake that people make when trying to design something com-pletely foolproof is to underestimate the ingenuity of complete fools.
”
Douglas Adams, Mostly Harmless, 1992
A.1 snoBoard
One of the major goals of the snoStrip pipeline is to collect a comprehensive and reliable
set of snoRNAs across different kingdoms of eukaryotes and to retrieve their specific char-
acteristics, e.g., box motifs, sequence length, and secondary structures. An important issue
is the public availability and accessibility of this large amount of data in which respect the
snoBoard database was designed. This enables a possible user to perform fast and query
based requests on any information of interest without searching in a bunch of flat files. Fur-
thermore, this automatic information retrieval could be easily incorporated into any kind of
computer program which may use such data for further analyses. A detailed table scheme is
shown in figure A.1.
From the central ’snoRNAs’ table, a possible user gets access to different other tables via
foreign key relations, either as identifying or as non-identifying relations. Identifying relations
(drawn as solid lines in Figure A.1) are relations where the child table cannot be uniquely
identified without having been defined in the parent table, e.g., there cannot be a ’CD-boxes’
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entry for a snoRNA CD 100 in case there is no snoRNA CD 100 in the table ’snoRNAs’.
Non-identifying relations on the other hand (drawn as dashed lines) are relations where the
child can be identified independently of the parent. For example, there can be a specific
genome-source without having to exist in the ’snoRNAs’ table.
Originally designed for the investigation of deuterostome snoRNAs, the ’homology-targets’
table gives an overview about the conservation of target sites. Therefore, annotated and
experimentally validated target RNA modification sites are used as basis. Analogous to
the ’homology ’ table, such a modification site is represented by one specific line whereas
columns represent organisms. If any snoRNA of a given species is predicted to guide a known
modification site it will be noted in the corresponding cell. Again, a comma-separated list
is used if more than one snoRNA is supposed to be responsible for guiding this particular
reaction. Due to the fact that it does not matter if a predicted interaction is the potentially
best one, obviously, it could happen that a given snoRNA is denoted to guide more than two
modifications and thus appears in more than two rows. The table ’targets-attributes’ saves
additional information on every target interaction being noted within the ’homology-targets’
table. An entry is unambiguously characterized by the snoRNA name, the site to be modified,
and the snoRNA-specific target binding site location, which is either box D or D’ for C/D
box snoRNAs or box H or ACA for H/ACA snoRNAs. Essential characteristics of target
interactions including binding structures and binding energies are saved as well as target and
binding sequences. The ’state’-column provides information whether a target interaction is
already annotated or just a prediction by snoRNA.
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Figure A.1. Entity relationship model of the snoBoard database. Tables are modeled as
entities and displayed with columns and types. Foreign key relations are either shown in
dashed lines, indicating non-identifying relations, or as solid lines indicating identifying
relations (Details see text). The cardinalities of these relations can vary between 1:1, 1:2,
or 1:n. Relations that are based upon keys that are retrieved from comma separated lists
of both homology tables are indicated as arrows. Cardinalities of these relations are either
1:1 or 1:n. Primary keys are indicated by yellow keys whereas foreign keys that do not
coincide with primary keys are shown as red rectangles.
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A.2 Data Sources
The following section provides information about the original sources of fungal and deuteros-
tome query snoRNA sequences, such as publications and websites.
Fungal snoRNAs
The analysis of fungal snoRNAs was mainly based on five surveys introducing experimentally
detected snoRNAs from different organisms such as Neurospora crassa [Liu et al. 2009c],
Aspergillus fumigatus [Jo¨chl et al. 2008], Candida albicans [Mitrovich et al. 2010], Saccha-
romyces cerevisiae [Piekna-Przybylska et al. 2007], and Schizosaccharomyces pombe [Li et al.
2005]. An overview of the retrieved snoRNAs and the corresponding publications can be seen
in Table A.1. Although the survey by Jo¨chl et al. [2008] originally covered box C/D snoR-
NAs only, sequence AM921943 was treated as a box H/ACA snoRNA instead of a box C/D
snoRNA since this sequence shows two separated, perfect hairpins and comprises convincing
box motifs while it clearly lacks characteristics of box C/D snoRNA. Another issue concerns
the sequences AM921919 and AM921934 which are treated as the same snoRNA in this thesis
decreasing the amount to 25 box C/D snoRNAs that were used from this publication. Both
sequences map to the exact same genomic location, despite that AM921934 comprises three
point-mutation with respect to AM921919.
All snoRNA sets were taken from their corresponding publication, despite the budding yest
sequences, that were downloaded from the UMass-database∗.
snoRNAs in Deuterostomia
The snoRNAs collected from Homo sapiens [Lestrade & Weber 2006], Gallus gallus [Shao
et al. 2009], and Ornithorhynchus anatinus [Schmitz et al. 2008] were used as comprehensive
start sets to conduct the evolutionary analysis of snoRNAs in Deuterostomia. Again, an
overview of the specific amount of retrieved snoRNA sequences can be seen in Table A.1.
The snoRNA-LBME-db† is a comprehensive database of human snoRNAs and scaRNAs. The
collection of snoRNAs was mainly manually compiled by the analysis of pertinent literature
rather than by extraction of already existing database entries. However, not all included
sequences can be denoted as experimentally validated. Owing to high sequence similarities
it was not feasible to determine whether each individual paralog of the HBII-52, HBII-85,
∗http://people.biochem.umass.edu/fournierlab/snornadb/main.php
†http://www-snornas.biotoul.fr
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Table A.1. Summary of publications which provided experimentally detected snoRNAs that were
taken as query sequences in the snoStrip pipeline. Please note that the original publication by
Jo¨chl et al. [2008] exclusively contains box C/D snoRNAs. Details see text.
organism box C/D snoRNA box H/ACA snoRNA publication
N.crassa 55 20 Liu et al. [2009c]
A.fumigatus 25 1 Jo¨chl et al. [2008]
C.albicans 40 - Mitrovich et al. [2010]
F
u
n
g
i
S.cerevisiae 43 29 Piekna-Przybylska et al. [2007]
S.pombe - 20 Li et al. [2005]
H.sapiens 269 108 Lestrade & Weber [2006]
G.gallus 128 69 Shao et al. [2009]
M
et
a
zo
a
O.anatinus 141 66 Schmitz et al. [2008]
14q(I), or 14q(II) snoRNA cluster is indeed expressed. Nevertheless, the database in its
current version 3 contains 122 box C/D snoRNAfamilies (269 sequences), 86 box H/ACA
snoRNAfamilies (107 sequences) and 25 scaRNA families.
The published snoRNAs in G.gallus by Shao et al. [2009] were conducted by the snoSeeker
program, which was also developed by the same group [Yang et al. 2006]. In a second step,
these putative snoRNA candidates were experimentally verified. In total, 93 C/D box snoRNA
families including 83 families with a predictable target and 10 orphan snoRNAs were postu-
lated. In case of box H/ACA families, 62 families split up into 52 families with a predictable
target and 10 orphan snoRNA genes.
The duck-billed platypus is, along with the echidna, the only living witness of the diver-
gence of the egg-lying monotremes from the live bearing mammals. Therefore, these animals
may provide unique insights into the evolution of mammalian non-coding RNAs. Within
their study, Schmitz et al. extracted 217 individual snoRNA-like sequences from brain tissue
derived RNA fractions.
Exceptional snoRNA and small cajal body snoRNA
Query sequences that were used for an in-depth analysis of snoRNA families with exceptional
secondary structures were mainly compiled for the snoRNA-LBME-db and the Rfam (v.9.1 and
v.10.0, seed sequences).
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A.3 Analyzed Genomes
This section provides detailed information about the organisms that were used in the snoRNA
projects presented in this thesis. Taxonomic trees, based on the NCBI taxonomy, are pre-
sented for metazoan species, see Figure A.2, and Fungi, cf. Figures A.3, and A.4. Information
about the genome sources and versions are also given in the figures. The survey covering co-
evolution of snoRNAa and their targets, see Section 5.1, was conducted on 47 vertebrate
species, see the subtree ’Vertebrata’ in Figure A.2. Exceptional snoRNAs were analyzed in
nearly all pictured metazoa with the exception of 7 Sarcopterygii, whose genomes became
available afterwards, see Section 5.2. The investigation of the fungal snoRNAome and the
analysis of U6 snRNAs in Fungi covered all 147 fungal organisms denoted in the taxonomic
trees depicted in Figure A.3 and A.4.
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Figure A.2. NCBI-based taxonomic tree of analyzed metazoan organisms. NCBI identifier,
genome source, and genome version are given after the organism name.
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Figure A.3. NCBI-based taxonomic tree of analyzed fungal organisms. NCBI identifier,
genome source, and genome version are given after the organism name. All species of the
Pezizomycotina lineage are shown in the second part of the figure.
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Figure A.4. Taxonomic tree of the analyzed Pezizomycotina species. Further explanations as
above.
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A.4 Prediction quality of snoStrip
snoStrip-based search runs for snoRNAs in Aspergillus fumigatus and Saccharomyces cere-
visiae were conducted with the purpose to evaluate the prediction quality of the pipeline.
Both species were chosen because of their fraction of experimentally verified snoRNAs. At
the beginning, a set of 55 N.crassa box C/D snoRNAs from Liu et al. [2009c] were taken as
query sequences. Homologous snoRNAs in A.fumigatus were traced by means of a stepwise
search procedure starting with closely related organisms. After compiling a merged snoRNA
set, the whole set was used to identify snoRNAs in the budding yeast.
Table A.2. Summary of all published snoRNA sequences in A.fumigatus that could be de-
tected with snoStrip when searched with experimentally detected snoRNA from N.crassa.
SnoRNA names that were used in their corresponding publication are denoted in the first
and last column for N.crassa and A.fumigatus, respectively.
N.crassa by
Liu et al. [2009c]
snoBoard name snoStrip result snoBoard name
A.fumigatus by
Jo¨chl et al. [2008]
Nc CD6 ncr CD 6-1 found afu CD 6-1 AM921925
Nc CD7 ncr CD 7-1 found afu CD 7-1 AM921938
Nc CD8 ncr CD 8-1 found afu CD 8-1 AM921924
Nc CD9 ncr CD 9-1 found afu CD 9-1 AM921935
Nc CD10 ncr CD 10-1 found afu CD 10-1 AM921937
Nc CD12 ncr CD 12-1 found afu CD 12-1 AM921931
Nc CD15 ncr CD 15-1 found afu CD 15-1 AM921939
Nc CD21 ncr CD 21-1 found afu CD 21-1 AM921927
Nc CD23 ncr CD 23-1 found afu CD 23-1 AM921932
Nc CD24 ncr CD 24-1 found afu CD 24-1 AM921941
Nc CD26 ncr CD 26-1 found afu CD 26-1 AM921945
Nc CD31 ncr CD 31-1 found afu CD 31-1 AM921936
Nc CD36 ncr CD 36-1 found afu CD 36-1 AM921933
Nc CD37 ncr CD 37-1 found afu CD 37-1 AM921942
Nc CD38 ncr CD 38-1 found afu CD 38-1 AM921919 / AM921934
Nc CD41 ncr CD 19-2 found afu CD 19-2 AM921928
Nc CD43 ncr CD 43-1 found afu CD 43-1 AM921921
Nc CD48 ncr CD 5-2 found afu CD 5-2 AM921926
Nc CD49 ncr CD 49-1 found afu CD 49-1 AM921944
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Table A.3. Summary of published snoRNA sequences in A.fumigatus that couldn’t be detected with
snoStrip since they either do not have an already published homolog in N.crassa or no homolog
at all. Again, snoRNA names used in the corresponding publication are denoted in the last column
for A.fumigatus.
N.crassa by
Liu et al. [2009c]
snoBoard name snoStrip result snoBoard name
A.fumigatus by
Jo¨chl et al. [2008]
- - not found afu CD 35-1 AM921920
- - not found afu CD 57-1 AM921922
- - not found afu CD 42-1 AM921923
- ncr CD 56-1 found afu CD 56-1 AM92192
- - not found afu CD 90-1 AM921930
- - not found afu CD 41-1 AM921940
Aspergillus fumigatus
A summary of both search runs that were conducted to identify snoRNA sequences in
A.fumigatus starting with snoRNAs from N.crassa and vice versa is given in section 2.5.
Table A.2 shows the 19 previously published A.fumigatus snoRNAs that were also retrieved
by the snoStrip search run. Published sequences that were not detectable with the snoStrip
pipeline are denoted in Table A.3. Unpublished snoRNAs that were detected by snoStrip are
noted in Table A.4 along side all query sequences were the pipeline was not able to identify
a homolog in A.fumigatus.
Saccharomyces cerevisiae
The results of the snoStrip run to identify snoRNA molecules in the budding yeast are
described in section about the detection quality of the pipeline, see 2.5. All S.cerevisiae
sequences that are published in the UMass and found by the snoStrip search are listed in
Table A.5. The three families, where a UMass-annotated budding yeast sequence successfully
identified novel snoRNAs in A.fumigatus and/or N.crassa are shown in Table A.6.
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Table A.4. Summary of reported snoRNA families in N.crassa where either an unreported snoRNA
in A.fumigatus is found or no homologous relation could be detected with snoStrip. Published
snoRNA names for N.crassa are given in the first column.
N.crassa by
Liu et al. [2009c]
snoBoard name snoStrip result snoBoard name
A.fumigatus by
Jo¨chl et al. [2008]
Nc CD1 ncr CD 1-1 found afu CD 1-1 -
Nc CD2 ncr CD 2-1 found afu CD 2-1 -
Nc CD3 ncr CD 3-1 found afu CD 3-1 -
Nc CD4 ncr CD 4-1 not found - -
Nc CD5 ncr CD 5-1 found afu CD 5-1 -
Nc CD11 ncr CD 11-1 found afu CD 11-1 -
Nc CD13 ncr CD 13-1 found afu CD 13-1 -
Nc CD14 ncr CD 14-1 found afu CD 14-1 -
Nc CD16 ncr CD 16-1 found afu CD 16-1 -
Nc CD17 ncr CD 17-1 found afu CD 17-1 -
Nc CD18 ncr CD 18-1 found afu CD 18-1 -
Nc CD19 ncr CD 19-1 not found - -
Nc CD20 ncr CD 20-1 found afu CD 20-1 -
Nc CD22 ncr CD 22-1 found afu CD 22-1 -
Nc CD25 ncr CD 25-1 found afu CD 25-1 -
Nc CD27 ncr CD 27-1 found afu CD 27-1 -
Nc CD28 ncr CD 28-1 not found - -
Nc CD29 ncr CD 29-1 not found - -
Nc CD30 ncr CD 30-1 found afu CD 30-1 -
Nc CD32 ncr CD 32-1 not found - -
Nc CD33 ncr CD 33-1 found afu CD 33-1 -
Nc CD34 ncr CD 34-1 found afu CD 34-1 -
Nc CD39 ncr CD 39-1 found afu CD 39-1 -
Nc CD40 ncr CD 40-1 not found - -
Nc CD42 ncr CD 19-3 found afu CD 19-1 -
Nc CD44 ncr CD 44-1 found afu CD 44-1 -
Nc CD45 ncr CD 45-1 not found - -
Nc CD46A ncr CD 46-1 found afu CD 46-1 -
Nc CD46B ncr CD 46-1 not found - -
Nc CD47 ncr CD 47-1 found afu CD 47-1 -
Nc CD50 ncr CD 50-1 not found - -
Nc CD51 ncr CD 51-1 found afu CD 51-1 -
Nc CD52 ncr CD 52-1 not found - -
Nc CD53 ncr CD 53-1 not found - -
Nc CD54 ncr CD 54-1 found afu CD 54-1 -
Nc CD55 ncr CD 55-1 not found - -
190
A.4. Prediction quality of snoStrip
Table A.5. Summary of merged snoRNA families in N.crassa and A.fumigatus that identified ho-
mologous sequences in S.cerevisiae.
snoBoard family snoStrip result snoBoard name S.cerevisiae by UMass
CD 1 found sce CD 1-1 snR13
CD 2 found sce CD 2-1 snR66
CD 5 found sce CD 5-1 snR78
CD 5 found sce CD 5-3 snR60
CD 6 found sce CD 6-1 snR51
CD 7 found sce CD 7-1 snR75
CD 8 found sce CD 8-1 snR48
CD 9 found sce CD 9-1 snR41
CD 11 found sce CD 11-1 snR53
CD 12 found sce CD 12-1 snR76
CD 16 found sce CD 16-1 snR190
CD 18 found sce CD 18-1 snR79
CD 19 found sce CD 19-1 snR56
CD 19 found sce CD 19-2 snR52
CD 21 found sce CD 21-1 snR74
CD 22 found sce CD 22-1 snR62
CD 23 found sce CD 23-1 snR38
CD 24 found sce CD 24-1 snR77
CD 26 found sce CD 26-1 snR67
CD 27 found sce CD 27-1 snR71
CD 31 found sce CD 31-1 snR73
CD 33 found sce CD 33-1 snR63
CD 34 found sce CD 34-1 snR55
CD 36 found sce CD 36-1 snR64
CD 37 found sce CD 37-1 U14
CD 38 found sce CD 38-1 snR61
CD 43 found sce CD 43-1 snR40
CD 46 found sce CD 46-1 U18
CD 47 found sce CD 47-1 snR39b
CD 49 found sce CD 49-1 snR54
CD 51 found sce CD 51-1 U24
CD 56 found sce CD 56-1 snR69
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Table A.6. Summary of budding yeast snoRNA families that identified novel sequences in A.fumigatus
and N.crassa.
snoBoard family S.cerevisiae by UMass snoStrip result A.fumigatus N.crassa
CD 61 snR70 found afu CD 61-1 ncr CD 61-1
CD 68 snR58 found afu CD 68-1 -
CD 73 snR4 found afu CD 73-1 -
A.5 Compare snoStrip to different snoRNA prediction tools
A comparison of snoStrip with de novo snoRNA prediction tools is shortly summarized in
the following section. More detailed information and interpretation is given in the section
2.3.
snoStrip vs. snoScan
The snoScan program predicts novel box C/D snoRNA candidates based on Hidden Markov
Models and stochastic context free grammars [Lowe & Eddy 1999]. The prediction quality
is significantly improved when methylation sites are mapped to the ribosomal target RNA
sequence. Table A.7 summarizes all snoScan predictions for the analyzed 63 fungal organisms.
The overlapping predictions with snoStrip-annotated snoRNA genes is given in the last two
columns.
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Table A.7. Comparison of snoStrip and snoScan. Organisms where at least one target RNA is
missing are tagged with a ’*’. Column three denotes the complete amount of snoScan reported
interactions between genomic sequences and target RNAs, while column four maps these interac-
tions to unique genomic locations. The amount of coinciding predictions and the corresponding
percentage is noted in column five and six, respectively.
organism snoStrip
snoScan
interactions
snoScan
regions
snoStrip &
snoScan
percentage
A.apis* 37 6639 3121 22 59.46
A.brassicicola* 46 6878 1940 29 63.04
A.clavatus 51 19224 7509 45 88.24
A.flavus* 47 46714 14584 33 70.21
A.fumigatus 52 7194 2543 44 84.62
A.niger 47 21606 9158 45 95.74
A.oryzae 48 20821 9203 46 95.83
A.terreus 48 20168 8341 44 91.67
B.cinerea 57 25065 8457 56 98.25
B.dendrobatidis 20 16523 5793 19 95.00
C.albicans 41 7227 2844 38 92.68
C.cinerea* 26 56565 16081 18 69.23
C.dubliniensis 43 6732 2743 42 97.67
C.glabrata 34 6945 2853 33 97.06
C.globosum 54 21947 8011 53 98.15
C.guilliermondii 38 5314 2096 37 97.37
C.immitis 47 20961 7230 44 93.62
C.lusitaniae* 36 6308 1749 29 80.56
C.neoformans 17 13522 5628 15 88.24
C.parapsilosis 38 8674 3297 36 94.74
C.posadasii 47 14874 6446 44 93.62
C.tropicalis 42 10870 3474 40 95.24
D.hansenii* 38 2104 1113 24 63.16
E.gossypii 36 23694 2082 36 100.00
F.graminearum 51 37445 11050 50 98.04
F.oxysporum 51 78293 19055 50 98.04
G.moniliformis 51 43250 14557 50 98.04
G.zeae 52 37524 11068 51 98.08
H.capsulatum 41 21157 7806 39 95.12
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Table A.7. (continued)
organism snoStrip
snoScan
interactions
snoScan
regions
snoStrip &
snoScan
percentage
K.lactis 36 6842 2540 33 91.67
L.bicolor 30 37329 14464 20 66.67
L.elongisporus 37 8411 2701 35 94.59
M.graminicola 44 23791 9567 41 93.18
M.grisea 51 22579 9075 48 94.12
N.crassa 57 23678 9807 54 94.74
N.discreta 57 26640 9616 51 89.47
N.fischeri 51 66999 19977 46 90.20
N.haematococca 51 40810 16723 48 94.12
N.tetrasperma* 57 174136 35253 46 80.70
P.anserina 52 52388 11272 51 98.08
P.blakesleeanus 24 17381 6898 22 91.67
P.brasiliensis 45 27061 10041 43 95.56
P.chrysosporium* 24 5846 3054 13 54.17
P.pastoris 35 4534 2004 29 82.86
P.placenta* 42 319374 72538 33 78.57
P.stipitis 39 7970 3311 36 92.31
R.oryzae 31 22038 8674 30 96.77
S.bayanus 40 5606 2145 40 100.00
S.cerevisiae 43 5006 1914 40 93.02
S.japonicus 31 6221 2126 30 96.77
S.mikatae 41 5831 2458 39 95.12
S.nodorum 49 30124 9517 48 97.96
S.octosporus 29 6750 2026 26 89.66
S.paradoxus 42 11198 2410 39 92.86
S.pombe 29 6755 2073 26 89.66
S.roseus* 8 3780 1462 6 75.00
S.sclerotiorum* 56 11926 4367 49 87.50
T.reesei 50 27993 10920 47 94.00
U.maydis 14 8225 3821 10 71.43
U.reesii 46 18369 5871 43 93.48
Y.lipolytica 37 2950 1187 28 75.68
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Table A.8. Prediction comparison of RNAsnoop and snoGPS for known snoRNA-rRNA interactions
in yeast. Please note that solely the accessibility version of RNAsnoop is used in this comparison.
snoRNA Target snoGPS RNAsnoop snoRNA Target snoGPS RNAsnoop
snR11 25S-2416 3 14 snR10 25S-2923 2 26
snR161 18S-632 6 7 snR46 25S-2865 1 1
snR161 18S-766 1 2 snR49 18S-120 3 1
snR189 18S-466 2 1 snR49 18S-211 2 5
snR189 25S-2735 1 1 snR49 18S-302 1 4
snR191 25S-2258 1 2 snR49 25S-990 4 1
snR191 25S-2260 1 1 snR5 25S-1004 3 1
snR3 25S-2129 4 1 snR5 25S-1124 1 1
snR3 25S-2133 1 1 snR8 25S-960 68 5
snR3 25S-2264 2 1 snR8 25S-986 55 3
snR31 18S-999 1 1 snR80 18S-759 — 2
snR32 25S-2191 1 1 snR80 25S-776 — 2
snR33 25S-1042 1 1 snR81 25S-1052 57 1
snR34 25S-2826 2 1 snR82 25S-2349 1 —
snR34 25S-2880 1 1 snR82 25S-2351 1 2
snR35 18S-1191 1 1 snR82 25S-1110 — 4
snR36 18S-1187 12 2 snR83 18S-1290 1 7
snR37 25S-2944 1 2 snR83 18S-1415 4 1
snR42 25S-2975 1 1 snR84 25S-2266 1 2
snR43 25S-966 1 1 snR85 18S-1181 1 1
snR44 18S-106 1 2 snR86 25S-2314 13 1
snR44 25S-1056 2 2 snR9 25S-2340 33 19
snoStrip vs. snoGPS
The snoStrip pipeline utilizes the target prediction tool RNAsnoop to predict snoRNA-
targetRNA interactions. Hence, it is sufficient to solely compare the target prediction element
of snoStrip with its competitor. The following comparison of RNAsnoop and snoGPS is taken
from the corresponding paper by Tafer et al. [2010] and summarizes the prediction quality of
both approaches to detect box H/ACA snoRNA target interactions, see Table A.8.
A.6 Mapping of alignment positions
Mapping of experimentally validated modification sites in budding yeast and human is shown
in Table A.9 and A.10 for small and large subunit rRNAs, respectively. Therein, modifi-
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Table A.9. The table maps homologous modification sites between budding yeast and human small
subunit rRNAs. The alignment position and the corresponding position in the respective single
target sequence are shown. Furthermore, snoStrip snoRNA names and scientific names as they
are found in publicly available databases, are given for the known guiding sequences. ’sce’ abbrevi-
ates S.cerevisiae, ’mod’ describes the mapped modification, while ’Deu’ stands for Deuterostomia,
and ’hsa’ is the abbreviation for H.sapiens.
Fungi aln sce pos sce family Fungi family mod Deu. aln hsa pos hsa family Deu. family
18S-33 18S-28 snR74 CD 21-1 Am 18S-39 18S-27 U27 CD 150
18S-110 18S-100 snR51 CD 6-1 Am 18S-113 18S-99 U57 CD 176
18S-116 18S-106 snR44 HACA 1-1 Psi 18S-119 18S-105 ACA36/B HACA 36
18S-130 18S-120 snR49 HACA 29-1 Psi 18S-133 18S-119 U66 HACA 73
18S-456 18S-414 U14 CD 37-1 Cm 18S-527 18S-462 U14A/B CD 142
18S-462 18S-420 snR52 CD 19-2 Am 18S-533 18S-468 unknown
18S-479 18S-436 snR87 CD 10-1 Am 18S-551 18S-484 U16 CD 144
18S-593 18S-541 snR41 CD 9-1 Am 18S-660 18S-590 U62A/B CD 181
18S-630 18S-578 snR77 CD 24-1 Um 18S-700 18S-627 HBII-135 CD 39
18S-672 18S-619 snR47 CD 67-1 Am 18S-744 18S-668 U36A/B CD 159
18S-685 18S-632 snR161 HACA 39-1 Psi 18S-767 18S-681 unknown
18S-853 18S-759 snR80 HACA 37-1 Psi 18S-916 18S-811 ACA28 HACA 28
18S-860 18S-766 snR161 HACA 39-1 Psi 18S-927 18S-822 ACA44 HACA 44
18S-1083 18S-974 snR54 CD 49-1 Am 18S-1152 18S-1031 U59A/B CD 178
18S-1108 18S-999 snR31 HACA 25-1 Psi 18S-1177 18S-1056 ACA8 HACA 103
18S-1308 18S-1181 snR85 HACA 17-1 Psi 18S-1373 18S-1238 ACA5/B/C HACA 5
18S-1314 18S-1187 snR36 HACA 43-1 Psi 18S-1379 18S-1244 ACA36/B HACA 36
18S-1318 18S-1191 snR35 HACA 34-1 Psi 18S-1383 18S-1248 ACA13 HACA 13
18S-1398 18S-1269 snR55 CD 34-1 Um 18S-1464 18S-1326 U33 CD 156
18S-1400 18S-1271 snR40 CD 43-1 Gm 18S-1466 18S-1328 U32A CD 155
18S-1419 18S-1290 snR83 HACA 30-1 Psi 18S-1485 18S-1347 ACA4 HACA 4
18S-1580 18S-1428 snR56 CD 19-1 Gm 18S-1635 18S-1490 U25 CD 149
18S-1843 18S-1639 snR70 CD 61-1 Cm 18S-1858 18S-1703 U43 CD 164
cation sites of equal type and position are defined as homologous, i.e., methylations and
pseudouridylations that are located at the same alignment position in a yeast-human tar-
getRNA alignment. A homology relation of two modifications is described by a single row in
the following tables and contains information about the single sequence modification site, the
alignment modification site in the respective fungal and deuterostome alignment, as well as
the names of the snoRNA families that are found to guide these modifications.
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Table A.10. The table maps homologous modification sites between budding yeast and human large
subunit rRNAs. Table header in analogy to small subunit mappings.
Fungi aln sce pos sce family Fungi family mod Deu. aln hsa pos hsa family Deu. family
25S-1614 25S-649 U18 CD 46-1 Am 28S-1793 28S-1313 U18A/B/C CD 145
25S-1628 25S-663 snR58 CD 68-1 Cm 28S-1815 28S-1327 U104 CD 138
25S-1794 25S-805 snR39b CD 47-1 Gm 28S-2044 28S-1509 snR39B CD 208
25S-1796 25S-807
snR39
snR59
CD 47-2
CD 47-3
Am 28S-2046 28S-1511
U32A/B
U51
CD 155
CD 171
25S-1806 25S-817 snR60 CD 5-3 Am 28S-2056 28S-1521
U77
U80
CD 187
CD 190
25S-1898 25S-908 snR60 CD 5-3 Gm 28S-2148 28S-1612 U80 CD 190
25S-1956 25S-960 snR8 HACA 6-1 Psi 28S-2200 28S-1664 ACA56 HACA 56
25S-1962 25S-966 snR43 HACA 9-1 Psi 28S-2206 28S-1670 ACA9 HACA 9
25S-2005 25S-1004 snR5 HACA 27-1 Psi 28S-2269 28S-1731 ACA52 HACA 42
25S-2050 25S-1042 snR33 HACA 24-1 Psi 28S-2309 28S-1769 ACA9 HACA 9
25S-2060 25S-1052 snR81 HACA 26-1 Psi 28S-2319 28S-1779 ACA7/B HACA 102
25S-2139 25S-1124 snR5 HACA 27-1 Psi 28S-2394 28S-1847 Unknown
25S-2148 25S-1133 snR61 CD 38-1 Am 28S-2405 28S-1858 U38A/B CD 161
25S-2494 25S-1437 U24 CD 51-1 Cm 28S-2899 28S-2338 U24 CD 148
25S-2508 25S-1449 U24 CD 51-1 Am 28S-2911 28S-2350 U76 CD 186
25S-2509 25S-1450 U24 CD 51-1 Gm 28S-2912 28S-2351 U24 CD 148
25S-3011 25S-1888 snR62 CD 22-1 Um 28S-3575 28S-2824 U34 CD 157
25S-3315 25S-2133 snR3 HACA 3-1 Psi 28S-4423 28S-3616 ACA6
25S-3374 25S-2191 snR32 HACA 21-1 Psi 28S-4482 28S-3674 Unknown
25S-3380 25S-2197 snR76 CD 12-1 Cm 28S-4488 28S-3680 HBII-180 CD 42
25S-3403 25S-2220 snR47 CD 67-1 Am 28S-4511 28S-3703 U36C CD 159
25S-3441 25S-2256 snR63 CD 33-1 Am 28S-4547 28S-3739 U46 CD 167
25S-3443 25S-2258 snR191 HACA 42-1 Psi 28S-4549 28S-3741 U19/2 HACA 69
25S-3445 25S-2260 snR191 HACA 42-1 Psi 28S-4551 28S-3743 U19/2 HACA 69
25S-3449 25S-2264 snR3 HACA 3-1 Psi 28S-4555 28S-3747 Unknown
25S-3451 25S-2266 snR84 HACA 41-1 Psi 28S-4557 28S-3749 Unknown
25S-3465 25S-2280 snR13 CD 1-1 Am 28S-4573 28S-3764 U15A/B CD 143
25S-3500 25S-2314 snR86 HACA 36-1 Psi 28S-4606 28S-3797 ACA48 HACA 101
25S-3526 25S-2337 snR64 CD 36-1 Cm 28S-4629 28S-3820 U74 CD 184
25S-3529 25S-2340 snR9 HACA 23-1 Psi 28S-4632 28S-3823 ACA58 HACA 80
25S-3539 25S-2349 snR82 HACA 31-1 Psi 28S-4645 28S-3832
E2
ACA8
HACA 103
25S-3588 25S-2395 snR190 Gm 28S-4691 28S-3878 HBII-99 CD 127
25S-3610 25S-2416 snR11 HACA 11-1 Psi 28S-4712 28S-3899 ACA3 HACA 3
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Table A.10. (Continued.)
Fungi aln sce pos sce family Fungi family mod Deu. aln hsa pos hsa family Deu. family
25S-3615 25S-2421 snR78 CD 5-1 Um 28S-4717 28S-3904 U52 CD 172
25S-3836 25S-2619 snR67 CD 26-1 Gm 28S-5017 28S-4166 U31 CD 154
25S-3946 25S-2729 snR51 CD 6-1 Um 28S-5127 28S-4276 U41 CD 162
25S-3952 25S-2735 snR189 HACA 38-1 Psi 28S-5139 28S-4282
ACA2a/b
ACA34
HACA 2
25S-4012 25S-2793 snR48 CD 8-1 Gm 28S-5199 28S-4340 U60 CD 179
25S-4034 25S-2815 snR38 CD 23-1 Gm 28S-5222 28S-4362 SnR38A/B/C
25S-4045 25S-2826 snR34 HACA 28-1 Psi 28S-5234 28S-4373 U65 HACA 72
25S-4084 25S-2865 snR46 HACA 35-1 Psi 28S-5273 28S-4412 ACA16 HACA 16
25S-4099 25S-2880 snR34 HACA 28-1 Psi 28S-5288 28S-4427 U65 HACA 72
25S-4143 25S-2921 snR52 CD 19-2 Um 28S-5329 28S-4468 unknown
25S-4144 25S-2922 Spb1p Gm 28S-5330 28S-4469 unknown
25S-4145 25S-2923 snR10 HACA 13-1 Psi 28S-5331 28S-4470 ACA21 HACA 21
25S-4178 25S-2944 snR37 HACA 44-1 Psi 28S-5352 28S-4491 ACA10 HACA 10
25S-4182 25S-2946 snR71 CD 27-1 Am 28S-5354 28S-4493 U29 CD 152
25S-4198 25S-2959 snR73 CD 31-1 Cm 28S-5367 28S-4506 U35A/B CD 158
25S-4216 25S-2975 snR42 HACA 33-1 Psi 28S-5383 28S-4522
ACA27
HBI-6
HACA 27
HACA 45
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A.7 Mapping of experimentally detected snoRNAs
The following tables display the mapping of previously, experimentally verified snoRNAs of
the five fungi S.pombe, S.cerevisiae, C.albicans, A.fumigatus, and N.crassa as it was automat-
ically detected by the snoStrip pipeline. Box H/ACA snoRNAs can be seen in Table A.11
while box C/D snoRNAs are shown in Table A.12.
Table A.11. Mapping of experimentally detected box H/ACA snoRNAs. ∗ The previously as box C/D
snoRNA classified sequence AM921943 in Aspergillus fumigatus [Jo¨chl et al. 2008] was mapped
to the box H/ACA snoRNA family HACA 21.
snoStrip name S.cerevisiae S.pombe N.crassa snoStrip name S.cerevisiae S.pombe N.crassa
HACA 1 snR44 HACA 1 HACA 29 snR49
HACA 2 HACA 2 HACA 30 snR83
HACA 3 snR3 AJ632000 HACA 3 HACA 31 snR82
HACA 4 HACA 4 HACA 33 snR42 AJ632006
HACA 5 HACA 5 HACA 34 snR35 AJ632004
HACA 6 snR8 HACA 6 HACA 35 snR46
HACA 7 HACA 7 HACA 36 snR86
HACA 8 HACA 8 HACA 37 snR80
HACA 9 snR43 HACA 9 HACA 38 snR189
HACA 10 HACA 10 HACA 39 snR161
HACA 11 snR11 HACA 11 HACA 41 snR84
HACA 12 snR30 HACA 12 HACA 42 snR191
HACA 13 snR10 AJ632002 HACA 13 HACA 43 snR36 AJ632005
HACA 15 HACA 15 HACA 44 snR37
HACA 16 HACA 16 HACA 45 AJ632015
HACA 17 snR85 HACA 17 HACA 46 AJ632008
HACA 18 HACA 18 HACA 47 AJ632011
HACA 19 HACA 19 HACA 48 AJ632010
HACA 20 HACA 20 HACA 49 AJ632019
HACA 21∗ snR32 HACA 50 AJ632009
HACA 23 snR9 HACA 51 AJ632017
HACA 24 snR33 AJ632003 HACA 53 AJ632016
HACA 25 snR31 HACA 54 AJ632012
HACA 26 snR81 HACA 55 AJ632013
HACA 27 snR5 AJ632001 HACA 56 AJ632014
HACA 28 snR34
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Table A.12. Mapping of experimentally detected box C/D snoRNAs.
snoStrip name S.cerevisiae S.pombe C.albicans A.fumigatus N.crassa
CD 1 snR13 snR13 CD 1
CD 2 snR66 snR66 CD 2
CD 3 CD 3
CD 4 CD 4
CD 5 snR60,snR72,snR78 snR60,snR78 AM921926 CD 5,CD 48
CD 6 snR51 AM921925 CD 6
CD 7 snR75 snR75 AM921938 CD 7
CD 8 snR48 snR48 AM921924 CD 8
CD 9 snR41 AM921935 CD 9
CD 10 snR87 snR87 AM921937 CD 10
CD 11 snR53 CD 11
CD 12 snR76 snR76 AM921931 CD 12
CD 13 (snR41 D’) CD 13
CD 14 snR65 CD 14
CD 15 AM921939 CD 15
CD 16 snR190 CD 16
CD 17 CD 17
CD 18 snR79 snR79 CD 18
CD 19 snR52,snR56 snR56,snR52 AM921928 CD 19,CD 41,CD 42
CD 20 CD 20
CD 21 snR74 snR74 AM921927 CD 21
CD 22 snR62 CD 22
CD 23 snR38 AM921932 CD 23
CD 24 snR77 snR77 AM921941 CD 24
CD 25 CD 25
CD 26 snR67 snR67 AM921945 CD 26
CD 27 snR71 snR71 CD 27
CD 28 CD 28
CD 29 CD 29
CD 30 CD 30
CD 31 snR73 snR73 AM921936 CD 31
CD 32 CD 32
CD 33 snR63 snR63 CD 33
CD 34 snR55 snR55 CD 34
CD 35 AM921920
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Table A.12. (Continued.)
snoStrip name S.cerevisiae S.pombe C.albicans A.fumigatus N.crassa
CD 36 snR64 snR64 AM921933 CD 36
CD 37 U14 snR128 AM921942 CD 37
CD 38 snR61 snR61 AM921919,AM921934 CD 38
CD 39 CD39 CD 39
CD 40 CD 40
CD 41 AM921940
CD 42 AM921923
CD 43 snR40 snR40 AM921921 CD 43
CD 44 CD 44
CD 45 CD 45
CD 46 U18 snR18 CD 46-1,CD 46-2
CD 47 snR39,snR39b,snR59 snR39b CD 47
CD 49 snR54 snR54 AM921944 CD 49
CD 50 CD 50
CD 51 U24 snR24 CD 51
CD 52 CD 52
CD 53 CD 53
CD 54 CD 54
CD 55 CD 55
CD 56 snR69 snR69 AM921929
CD 57 AM921922
CD 58 snR50 snR50
CD 61 snR70
CD 63 snR57 snR57
CD 65 snR68 snR68
CD 66 snR65
CD 67 snR47 snR47
CD 68 snR58 snR58
CD 69 LSU-C2809
CD 71 LSU-G1431
CD 72 LSU-G364
CD 73 snR4
CD 74 snR45
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Table A.13. Box C/D snoRNA families with a conserved D target. A conservation pattern for the
predicted target interaction is described in ’cons.’ A legend can be seen at the bottom of the table.
Since no unambiguous D’ region is identified, no comprehensive and family-wide target prediction
could be performed.
D target
sn
o
R
N
A
#
se
q
aln pos sce pos ICIsno ∅ mfe cons. v
e
ri
fi
e
d
CD 13 104 18S-593 18S-541 1.67 -20.28 3,6 -
CD 18 113 18S-1116 18S-1007 1.86 -19.78 3..6 +
CD 33 112 25S-3441 25S-2256 0.81 -15.31 3..6 +
CD 34 103 18S-1398 18S-1269 1.98 -22.31 3,6 +
CD 37 129 18S-456 18S-414 1.71 -21.52 3,8 +
CD 40 26 25S-3061 25S-1937 0.78 -17.05 11-13 -
CD 47 151 25S-1794 25S-805 1.76 -26.08 3..6 +
CD 58 10 25S-1857 25S-867 2.37 -21.89 10 +
CD 63 19 18S-1775 18S-1572 2.27 -21.54 10 +
CD 71 17 25S-2490 25S-1434 1.29 -18.50 10-Sacch -
CD 72 3 18S-650 18S-597 1.12 -9.00 Cand -
Conservation of target interactions: 1) Fungi 2) Microsporidia 3) Mucoromycotina 4) Chytridiomycota 5) Blastocladiomycota
6) Dikarya 7) Basidiomycota 8) Asomycota 9) Taphrinomycotina 10) Saccharomycotina 11) Pezizomycotina 12) Dothideomycetes
13) Eurotiomycetes 14) Leotiomycetes 15) Sordariomycetes Sacch) Saccharomycetaceae Cand) Candida
3..6) equals 3,4,5,6 6-15) equals 6 without 15
A.8 Conservation of snoRNA-assigned target interactions
In the following, snoRNA-targetRNA interactions are analyzed with respect to their conserva-
tion across fungal lineages. Therein, snoRNA families can be either classified as single guide,
i.e., in case of box C/D snoRNAs the functional ASE is located upstream of box D or D’ while
in case of box H/ACA snoRNAs the functional pseudouridylation pocket is either located in
HP1 or HP2, or as double guides meaning that both potential target binding regions can bind
to targets in a conserved manner. Besides these two classifications, there are snoRNA families
that exhibit functional but lineage specific target interactions and orphan families where no
functional target is annotated so far.
A.8.1 Box C/D snoRNA target conservation in Fungi
Within the 68 box C/D snoRNA families, 36 families are predicted to be single guides; 26
families share conserved D’ targets while 10 families share functional D targets. D box single
guides are denoted in Table A.13. No potential D’ targets are designated due to non-existing
conserved D’ box motifs in most of these families.
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Table A.14. Box C/D snoRNA families with a conserved D’ target. The amount of snoRNAs that
were found to belong to this family are given in the second column. Information about the most
conserved targets for box D’ and box D are given in their respective columns. Lineages in which
the predicted D’ target interaction is present are denoted in column ’cons.’ Legend at the bottom.
A conservation column is missing for D targets since these are mostly genus, family, or species
specific. The last column states whether this target was previously published or not (D’/D).
D’ target D target
sn
o
R
N
A
#
se
q
aln pos sce pos ICIsno ∅ mfe cons. aln pos sce pos ICIsno ∅ mfe v
e
ri
fi
e
d
CD 1 111 25S-3465 25S-2280 0,90 -14,87 4,6 U6-54 U6-51 0,16 -8,58 +/-
CD 2 126 25S-3611 25S-2417 1,21 -18,84 3..6 25S-3856 25S-2639 0,16 -18,63 +/-
CD 3 68 25S-4101 25S-2882 1,24 -19,52 10,11 18S-1395 18S-1266 0,17 -12,95 +/-
CD 4 51 18S-55 18S-49 1,67 -22,18 7,11 U6-72 U6-68 0,29 -19,51 +/-
CD 7 119 25S-3474 25S-2288 1,19 -17,76 3..6 5.8S-150 5.8S-139 0,39 -10,82 +/-
CD 8 103 25S-4012 25S-2793 1,49 -24,47 3,8 18S-1343 18S-1215 0,46 -9,24 +/-
CD 14 117 25S-3512 25S-2326 0,91 -18,09 3..6 U5-15 U5-13 0,10 -10,60 +/-
CD 15 68 18S-179 18S-162 1,09 -17,22 11 18S-1401 18S-1272 0,29 -11,27 +/-
CD 16 70 25S-3588 25S-2395 0,69 -19,96 4,10,11 25S-1571 25S-609 0,09 -21,23 +/-
CD 21 116 18S-33 18S-28 0,93 -18,72 3,6 18S-1406 18S-1277 0,18 -10,62 +/-
CD 23 128 25S-4034 25S-2815 1,43 -21,94 3,4,6 18S-1091 18S-982 0,14 -9,99 +/-
CD 24 109 18S-630 18S-578 1,36 -17,27 3..6 18S-1478 18S-1348 0,40 -9,73 +/-
CD 25 54 25S-1856 25S-866 1,40 -27,76 11 5.8S-14 5.8S-13 0,17 -16,50 +/-
CD 27 134 25S-4182 25S-2946 1,31 -21,33 4..6 25S-1141 25S-355 0,09 -7,50 +/-
CD 30 73 18S-640 18S-587 1,53 -18,32 Puc,11 U6-84 U6-79 0,07 -7,72 +/-
CD 31 126 25S-4198 25S-2959 1,58 -23,23 3..6 18S-1696 18S-1495 0,15 -16,39 +/-
CD 36 121 25S-3526 25S-2337 1,15 -18,43 6 18S-976 18S-873 0,11 -11,50 +/-
CD 38 131 25S-2148 25S-1133 1,19 -18,20 3,6 25S-2494 25S-1437 0,08 -15,34 +/-
CD 39 124 25S-1907 25S-917 1,10 -17,48 4,6 18S-265 18S-236 0,12 -13,34 +/-
CD 46 153 25S-1614 25S-649 1,32 -23,20 3,4,6 18S-475 18S-432 0,19 -10,33 +/-
CD 56 144 25S-4185 25S-2948 0,97 -20,26 4,6 18S-915 18S-816 0,07 -13,58 +/-
CD 61 102 18S-1843 18S-1639 1,48 -17,82 6 18S-1272 18S-1148 0,37 -7,99 +/-
CD 65 16 25S-3857 25S-2640 1,49 -18,79 10 25S-2224 25S-1207 0,81 -14,66 +/-
CD 66 7 25S-3536 25S-2347 1,65 -16,96 Sacch 25S-3512 25S-2326 0,52 -19,90 +/-
CD 68 85 25S-1628 25S-663 1,28 -20,39 6-15 25S-2132 25S-1117 0,10 -12,77 +/-
CD 69 8 25S-4055 25S-2836 1,81 -21,73 10 25S-3965 25S-2748 0,29 -9,80 +/-
Conservation of target interactions: 1) Fungi 2) Microsporidia 3) Mucoromycotina 4) Chytridiomycota 5) Blastocladiomycota
6) Dikarya 7) Basidiomycota 8) Asomycota 9) Taphrinomycotina 10) Saccharomycotina 11) Pezizomycotina 12) Dothideomycetes
13) Eurotiomycetes 14) Leotiomycetes 15) Sordariomycetes Puc) Pucciniomycotina Sacch) Saccharomycetaceae Neuro) Neurospora
3..6) equals 3,4,5,6 6-15) equals 6 without 15
Table A.14 shows important information concerning the conservation of D’ box single guide
snoRNAs. In this table, the best conserved predictions for both target regions are given,
regardless of whether this region is functional or not. In most cases, the predicted D target
interactions are genus, family, or even species specific which explains the small ICI scores and
the extraordinary low interaction energies in some predictions, e.g. CD 66 is predicted to
guide modification at 25S-3512 with an average mfe of -19.90 kcal/mol in two species.
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Table A.15. Box C/D snoRNAs with second but lineage specific target in addition to their highly
conserved target. Family CD 20 and CD 42 are the only ones with an overall conserved D target.
All other families share overly conserved D’ targets. Again, target specific information are denoted
in the corresponding columns for D’ or D associated targets. In either case, conservation infor-
mation are given in column ’cons.’ and the corresponding legend is shown on the bottom. More
than one potential target is shown in cases where the interactions seem equally plausible.
D’ target D target
sn
o
R
N
A
#
se
q
aln pos sce pos ICIsno ∅ mfe cons. aln pos sce pos ICIsno ∅ mfe cons. v
e
ri
fi
e
d
CD 6 99 25S-3946 25S-2729 1.18 -16.03 8 25S-3941 25S-2724 0.148 -15.460 12,13 +/-
CD 10 113 18S-479 18S-436 1.13 -13.15 3..6 25S-2066 25S-1058 0.399 -13.192 11 +/+
CD 11 79
18S-894
U6-62
18S-796
U6-59
0.94
0.89
-17.34
-13.78
3,6
3,6
25S-1153
25S-1796
25S-366
25S-807
0.94
0.48
-21.122
-11.50
8
9,11
+/+
-/-
CD 12 116 25S-3380 25S-2197 1.262 -21.67 6
25S-2747
25S-1901
25S-3433
25S-1663
25S-911
25S-2248
0.42
0.40
0.37
-13.59
-11.57
-10.50
11
Yli,11
Aga,11
+/+
/-
/-
CD 22 122 25S-3011 25S-1888 1.177 -18.67 3,5,6 18S-1001 18S-896 0.474 -18.253 11 +/+
CD 26 135 25S-3836 25S-2619 0.864 -23.03 4,6 25S-3941 25S-2724 0.226 -15.336 10 +/+
CD 28 58 25S-2990 25S-1867 1.396 -19.95 15 25S-3004 25S-1881 0.508 -18.600 Tri,Sor +/+
CD 43 90 18S-614 18S-562 1.605 -21.69 3,6-9 25S-1888 25S-898 0.206 -15.631 10 +/+
CD 44 67 18S-1359 18S-1231 1.595 -22.28 9,11,Can 25S-1628 25S-663 0.256 -22.700 Tri,Nec +/-
CD 49 112 18S-1083 18S-974 1.566 -18.64 6 25S-3941 25S-2724 0.065 -14.140 Sor +/+
CD 51 162 25S-2508 25S-1449 1.13 -16.28 3..6 25S-2494 25S-1437 0.57 -21.60 3,7,9,10 +/+
CD 9 119 18S-593 18S-541 0.40 -17.00 Puc,10 18S-1250 18S-1126 2.19 -24.41 3,6 +/+
CD 20 54
18S-1408
18S-715
18S-1609
18S-1279
18S-653
18S-1456
0.82
0.43
0.40
-22.11
-12.42
-10.87
14,15
14,15
14,15
25S-3604 25S-2410 0.83 -22.06 11
-/+
-/
-/
CD 42 60 5.8S-44 5.8S-42 0.93 -23.4 12..14 25S-2979 25S-1856 1.26 -22.91 11 -/-
Conservation of target interactions: 1) Fungi 2) Microsporidia 3) Mucoromycotina 4) Chytridiomycota 5) Blastocladiomycota
6) Dikarya 7) Basidiomycota 8) Asomycota 9) Taphrinomycotina 10) Saccharomycotina 11) Pezizomycotina 12) Dothideomycetes
13) Eurotiomycetes 14) Leotiomycetes 15) Sordariomycetes Aga) Agaricomycetes Puc) Pucciniomycotina Yli) Yarrowia lipolytica Sacch)
Saccharomycetaceae Can) Candida Tri) Trichoderme Nec) Nectriaceae Sor) Sordariales Neuro) Neurospora
3..6) equals 3,4,5,6 6-15) equals 6 without 15
Box C/D snoRNA families with a highly conserved interaction (either D’ or D) and a second,
lineage specific target are shown in Table A.15. All families except for CD 20 (at the end
of the table) share conserved D’ targets while they evolved lineage specific targets upstream
of their D box in some fungal lineages. In case of CD 20 it is the other way round. For a
detailed description of deeply interesting families see chapter 4.5.
A summary of all six double guide box C/D snoRNAs is shown in Table A.16. Three families
are only traced in a small subset of fungal organisms while the three remaining families are
either present in Pezizomycotina or Saccharomycotina giving more weight to the predicted
target interactions.
Originally, orphan box C/D snoRNAs were published for S.cerevisiae (2), N.crassa (2), and
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Table A.16. Box C/D snoRNA families that share conserved D’ targets as well as D box associated
targets. Again, target information and conservation of predicted target interactions is shown for
both target sites. Experimental verification of target interactions is shown in the last column for
D’/D targets.
D’ target D target
sn
o
R
N
A
#
se
q
aln pos sce pos ICIsno ∅ mfe cons. aln pos sce pos ICIsno ∅ mfe cons. v
e
ri
fi
e
d
CD 17 50 25S-4138 25S-2917 0,95 -17,08 Can,11 18S-174 18S-157 0,63 -17,516 12,13,15 +/+
CD 29 5 5.8S-44 5.8S-42 2,01 -24,66 Glo,Neu U2-49 U2-27 1,67 -17,220 Glo,Neu +/+
CD 32 5 18S-187 18S-170 0,73 -14,30 Neu 18S-181 18S-164 1,32 -14,350 Sor +/+
CD 35 29 5.8S-77 5.8S-74 1,37 -17,35 12,13,Neu U2-49 U2-27 1,20 -15,000 12,13,Neu -/-
CD 45 3 18S-1843 18S-1639 1,96 -24,10 Neu 18S-1401 18S-1272 1,47 -16,80 Neu +/-
CD 67 34 25S-3403 25S-2220 1,52 -15,65 Sai,10 18S-672 18S-619 1,32 -15,268 Puc,10 +/+
Conservation of target interactions: 1) Fungi 2) Microsporidia 3) Mucoromycotina 4) Chytridiomycota 5) Blastocladiomycota
6) Dikarya 7) Basidiomycota 8) Asomycota 9) Taphrinomycotina 10) Saccharomycotina 11) Pezizomycotina 12) Dothideomycetes
13) Eurotiomycetes 14) Leotiomycetes 15) Sordariomycetes Puc) Pucciniomycotina Sai) Saitoella complicataSacch) Saccharomycetaceae
Can) Candida Glo) Glomerellales Sor) Sordariales Neu) Neurospora
3..6) equals 3,4,5,6 6-15) equals 6 without 15
A.fumigatus (10). One snoRNA in the latter set was treated as box H/ACA snoRNA in-
stead leaving nine potentially orphan ones. Within the original Neurospora publication, 11
sequences were annotated with targets based on single sequence prediction. At that time,
these targets were not confirmed by identifying homologous relations to other already known
snoRNAs with experimentally validated targets. Hence, the interactions require evidence by
means of evolutionary conservation. Table A.17 gives a summary about such sequences and
their snoStrip-derived targets sites. Note that all N.crassa families where the previously
annotated target was confirmed by snoStrip are not denoted here, since they were already
mentioned in the previous tables about single guides (CD 4, CD 15, CD 25, CD 30), double
guides (CD 45), and families with a second, lineage specific target (CD 11).
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Table A.17. Box C/D snoRNAs that were originally denoted as orphan or where solely a predicted
target based on single sequence prediction was published. Sequences were taken from Neurospora
crassa (CD xy) [Liu et al. 2009c], Saccharomyces cerevisiae (snr4 and snR45) [Piekna-Przybylska
et al. 2007], and Aspergillus fumigatus(AM9219xy) [Jo¨chl et al. 2008]. Initial target predictions
that were based on falsely detected box motifs are marked with ’*’
original published snoStrip number of snoStrip
name
Box
target
aln pos.
prediction
ICIsno
interactions
∅ mfe cons.
name
D’ 25S-3264∗ 25S-4650 18S-479 1.13 91 -13.15 3..6
CD 10
D 25S-1039 25S-2066 25S-2066 0.40 37 -13.19 11
CD 10
D’ U2-183∗ U2-246 25S-3836 0.86 52 -23.03 4,6
CD 26
D orphan 25S-3941 0.23 25 -15.34 10
CD 26
D’ 25S-2062∗ 25S-3282 no conserved D’ target region
CD 40
D orphan 25S-3061 0.78 12 -17.05 11-13
CD 40
D’ tRNA-Leu-43 no annotated D’ box
CD 52
D tRNA-Leu-90 25S-2805 0.35 2 -15.30 Ony
CD 52
D’ orphan 25S-3500 0.71 21 -11.56 11
CD 53
D orphan 18S-1554 0.56 16 -11.70 Cap,Hel,15
CD 53
D’ orphan U6-70 1.43 39 -18.10 11
CD 54
D 25S-667 25S-1648 25S-3822 0.11 3 -14.93 Asp,Nfi
CD 54
D’ orphan 18S-464 1.32 3 -14.20 Neu
CD 55
D orphan 18S-1006 1.08 3 -8.97 Neu
CD 55
D’ orphan 25S-2578 0.07 3 -12.20 Sac
snR4
D orphan 18S-925 0.12 6 -10.67 Deb,Sac,Asp
CD 73
D’ orphan no annotated D’ box
snR45
D orphan 25S-2643 0.57 4 -9.70 Sac
CD 74
D’ orphan 25S-4198 1.58 77 -23.23 3..6
AM921936
D orphan 18S-1696 0.15 11 -16.39 Can,Deb,Met
CD 31
D’ orphan 18S-479 1.13 91 -13.15 3..6
AM921937
D orphan 25S-2066 0.40 37 -13.19 11
CD 10
D’ orphan 25S-3474 1.19 78 -17.76 3..6
AM921938
D orphan 5.8S-150 0.39 37 -10.82 3,6
CD 7
D’ orphan 18S-179 1.09 42 -17.22 11
AM921939
D orphan 18S-1401 0.29 17 -11.27 13
CD 15
D’ orphan no annotated D’ box
AM921940
D orphan 18S-849 1.21 38 -17.64 11-Sor
CD 41
D’ orphan 18S-630 1.36 89 -17.27 3..6
AM921941
D orphan 18S-1478 0.40 40 -9.73 Deb,11
CD 24
D’ orphan 18S-95 0.63 32 -20.45 8-(12,13)
AM921942
D orphan 18S-456 1.71 88 -21.52 3,8
CD 37
D’ orphan 18S-1083 1.57 86 -18.64 6
AM921944
D orphan 25S-3941 0.07 5 -14.14 Sor
CD 49
D’ orphan 25S-3836 0.86 52 -23.03 4,6
AM921945
D orphan 25S-3941 0.23 25 -15.34 10
CD 26
Conservation of target interactions: 1) Fungi 2) Microsporidia 3) Mucoromycotina 4) Chytridiomycota 5) Blastocladiomycota
6) Dikarya 7) Basidiomycota 8) Asomycota 9) Taphrinomycotina 10) Saccharomycotina 11) Pezizomycotina 12) Dothideomycetes
13) Eurotiomycetes 14) Leotiomycetes 15) Sordariomycetes Deb) Debaryomycetaceae Met) Metschnikowiaceae Sacch) Saccharomyc-
etaceae Can) Candida Cap) Capnodiales Asp) Aspergillus Nfi N.fischeri Ony) Onygenales Hel) HelotiaceaeSor) Sordariales Neu)
Neurospora
3..6) equals 3,4,5,6 6-15) equals 6 without 15
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Target switches between different box C/D snoRNA families
A reliable target switch is defined as two or more separate predictions of the same target
with at least 10 predicted occurrences per snoRNA family where a mean mfe value below
-10kcal/mol is detected. When focusing on experimentally validated targets, previously an-
notated targets, and high ICI-scoring interactions, 11 switches can be detected amongst box
C/D snoRNA snoRNAs. A summary of these families, their ICI scores, and binding energies
can be seen in Table A.18.
Table A.18. Target switches detected between box C/D snoRNAs.
target pos. snoRNA family ASE position ICIsno ∅ mfe #org
CD 19 D 1.52 -20.62 109 (34.49%)
18S-462
CD 42 D’ 0.60 -14.57 28 (46.67%)
CD 11 D 0.97 -21.12 36 (45.57%)
25S-1153
CD 47 D 0.10 -11.53 11 (7.28%)
CD 40 D 0.78 -17.05 12 (46.15%)
25S-3061
CD 44 D’ 0.69 -11.85 42 (62.69%)
CD 26 D’ 0.36 -18.80 28 (20.74%)
25S-1898
CD 5 D 1.20 -25.80 66 (25.38%)
CD 16 D’ 0.45 -11.35 26 (37.14%)
18S-1744
CD 23 D’ 0.94 -11.18 91 (71.09%)
CD 26 D’ 0.86 -23.03 52 (38.52%)
25S-3836
CD 43 D’ 0.43 -10.60 37 (41.11%)
CD 12 D 0.42 -13.59 36 (31.03%)
25S-2747
CD 19 D 0.12 -10.22 17 (5.38%)
CD 13 D 1.67 -20.28 73 (70.19%)
18S-593
CD 9 D’ 0.40 -17.00 26 (21.85%)
CD 16 D’ 0.69 -19.96 23 (32.86%)
25S-3588
CD 23 D’ 0.69 -10.53 71 (55.47%)
CD 20 D’ 0.82 -22.11 20 (37.04%)
18S-1408 CD 31 D’ 0.92 -10.96 94 (74.60%)
CD 54 D’ 0.60 -10.53 28 (68,29%)
CD 24 D 0.15 -12.47 12 (11.01%)
25S-2990
CD 28 D’ 1.40 -19.95 17 (29.31%)
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A.8.2 Conservation of target interaction in box H/ACA snoRNAs
Within the 50 box H/ACA snoRNA families, 20 families are predicted to be single guides
including 8 families that share conserved HP1 targets while 12 families share functional HP2
targets. Another 11 families are known to be double guide snoRNAs and eight families are
found to provide a highly conserved target site in one hairpin while the other one is detected
to guide a lineage or even genus specific modification. 15 families from the starting datasets
are originally described as orphan. A single family (HACA 13, snR30 in S.cerevisiae) is found
to be cleavage associated in the biogenesis of rRNA precursors.
All 20 single guide box H/ACA snoRNA families are summarized in Table A.19. Although
these families are known to be single guides, target information is shown for both hairpins.
In cases where the annotated target is not ranked first, based on the ICI score, the best
prediction and the annotated one are displayed.
Box H/ACA snoRNAs with two conserved pseudouridylation pockets are summarized in Table
A.20. Family HACA 30 is exclusively found in Saccharomyces and the annotated target for
HP2 is convincingly predicted in all four organisms of this genus (family is marked with a
’*’ in the table). The experimentally validated target for HP1, however, is not ranked at top
when ICI scores are concerned. This is owed to the fact that RNAsnoop predicts two adjacent
uridines for three of the four snoRNAs; 18S-1566 is predicted for S.cerevisiae and S.paradoxus,
while 18S-1567 is predicted for S.mikatae. In snoRNA families where such a RNAsnoop-based
phenomenon is detected, the predicted alignment positions in question are denoted with ’**’.
Families that exhibit an additional functional ASE that is not conserved throughout all species
encoding this specific snoRNA are denoted in Table A.21. This is most often the case when
the main functional ASE is located in HP1 (6 families, top of the table) while only two families
developed a lineage specific target in their first hairpin when they preserve a highly conserved
ASE in their second one (bottom of the table).
Originally, orphan box H/ACA snoRNAs were published for Neurospora crassa (6 sequences),
Aspergillus fumigatus (1), and Schizosaccharomyces pombe (8). The Aspergillus sequence was
initially denoted as box C/D snoRNA but shows obvious box H/ACA snoRNA characteristics.
A detailed summary of all orphan snoRNAs is shown in Table A.22.
Four of these orphan snoRNA molecules are successfully mapped to families were a potential
target is already annotated or even verified (HACA 11 is ortholog to yeast snR11, HACA 13
maps to yeast snR10, AM92194 is ortholog to yeast snR32, and AJ632018 is ortholog to
snR43) and N.crassa sequence HACA 12 is found to be homologous to the cleavage associated
snoRNA snR30.
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A.8. Conservation of snoRNA-assigned target interactions
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A. Supporting Material
Table A.22. Summary of box H/ACA snoRNAs that were originally denoted as orphan. Se-
quences were taken from Neurospora crassa (HACA xy) [Liu et al. 2009c], Aspergillus fumiga-
tus(AM921943) [Jo¨chl et al. 2008], and Schizosaccharomyces pombe (AJ6320xy) [Li et al. 2005].
* Families containing a budding yeast sequence with an experimentally verified target.
original number of snoStrip single seq. number of snoStrip
name sequences
HP
prediction position
ICIsno
interactions
∅ mfe cons.
name
HP1 U4-10 U4-8 0.11 6 -32.04 Pen,Mag,Cha
HACA 7 56
HP2 25S-3500 25S-2314 1.26 33 -31.30 13,14,15
HACA 7
HP1 U2-54 U2-31 1.02 3 -55.75 Neu
HACA 10 3
HP2 U6-110 U6-103 1.11 3 -29.85 Neu
HACA 10
HP1 25S-3610 25S-2416 0.56 29 -31.28 10,11
HACA 11 85
HP2 U4-66 U4-60 0.15 11 -24.33 13
HACA 11*
HACA 12 97 cleavage associated snoRNA, see S.cerevisiae snR30 HACA 12*
HP1 25S-4073 25S-2854 0.34 26 -33.20 3,6-(10,15)
HACA 13 131
HP2 U4-46 U4-41 0.37 41 -33.98 10,11-12
HACA 13*
HP1 5.8S-18 5.8S-17 1.04 3 -25.91 -
HACA 16 3
HP2 25S-2700 25S-1622 1.14 2 -14.8 -
HACA 16
HP1 5.8S-57 5.8S-54 0.53 36 -27.32 11
AM921943 101
HP2 25S-3374 25S-2191 1.12 59 -30.75 10,11
HACA 21*
HP1 18S-228 18S-207 0.33 3 -38.79 -
AJ632012 10
HP2 25S-3439 25S-2254 1.22 9 -35.36 Schiz,Can,Deb
HACA 54
HP1 U2-54 U2-31 0.55 2 -37.51 -
AJ632013 4
HP2 U1-150 U1-135 0.52 2 -25.44 -
HACA 55
HP1 25S-290 - 0 1 -29.59 -
AJ632014 1
HP2 - - - - - -
HACA 56
HP1 25S-1114 25S-329 0.00 1 -15.66 -
AJ632015 1
HP2 25S-1949 25S-955 0.00 1 -7.04 -
HACA 45
HP1 U6-79 U6-74 0.12 8 -31.95 13
AJ632016 68
HP2 18S-1302 18S-1175 0.82 45 -43.49 9,11
HACA 53
HP1 18S-393 18S-351 0.00 1 -17.98 -
AJ632017 7
HP2 18S-400 18S-358 0.48 2 -26.09 -
HACA 51
HP1 25S-1962 25S-966 1.17 62 -31.85 8
AJ632018 95
HP2 25S-3654 25S-2460 0.16 10 -33.82 -
HACA 9*
HP1 18S-651 18S-598 0.00 1 -22.42 -
AJ632019 1
HP2 25S-3930 25S-2713 0.00 1 -26.45 -
HACA 49
Conservation of target interactions: 1) Fungi 2) Microsporidia 3) Mucoromycotina 4) Chytridiomycota 5) Blastocladiomycota
6) Dikarya 7) Basidiomycota 8) Asomycota 9) Taphrinomycotina 10) Saccharomycotina 11) Pezizomycotina 12) Dothideomycetes
13) Eurotiomycetes 14) Leotiomycetes 15) Sordariomycetes Deb) Debaryomycetaceae Schiz) Schizosaccharomyces Can) Candida Pen)
Penicillium Mag) Magnaporthales Cha) Chaetomiaceae Neu) Neurospora
3..6) equals 3,4,5,6 6-15) equals 6 without 15
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Target switches between different box H/ACA snoRNA families
Potential target switches and distant functional homologies are shown in Table A.23. In
order to detect such events, convincingly predicted modification sites, i.e., modifications with
at least ten predicted organisms per snoRNA family and a mean minimum free interaction
energy below -25 kcal/mol, were compared amongst all detected box H/ACA snoRNA families.
In case a particular target site is eventually guided by more than just one snoRNA family, it is
listed in the table below. It might further happen that modification sites are predicted to be
guided by three or even four distinct families. In total, 38 target switches, distant homologies,
or duplications were detected; 9 for 18S, 19 for 25S, 2 for 5.8S, and 8 for snRNAs. Within this
set, the majority of target sites is predicted to be guided by exactly two different snoRNA
families (27 modifications). Nine putative targets are found to be potentially guided by three
distinct families, while two modification sites might be guided by four different snoRNA
families. The precise definition of a target switch, a distant homology, or a duplication of
a guiding function largely depends on the species and lineages in the taxonomic tree where
this capability is predicted in the set of distinct snoRNA families. A duplication of target
interactions might be observed when two distinct snoRNA families exhibit potential target
binding features in the same subset of organisms. A target switch is observed in families that
guide the same modification but in distinct subsets of organisms, although both families are
present in these subsets. Otherwise, these snoRNA families might be distant homologs of one
another.
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Table A.23. Modification sites that are found to be guided by at least two distinct box H/ACA
snoRNA families. A particular modification is considered if at least 10 different interactions are
predicted with a cumulated minimum free interaction energy lower than -25.
modification site snoRNA family hairpin ICIsno ICIsub ∅ mfe detected interactions (%)
18S-1198 HACA 13 HP2 0.10 0.38 -38.51 11/131(8.40%)
18S-1198 HACA 2 HP2 0.34 0.41 -26.14 23/82(28.05%)
18S-1226 HACA 37 HP2 0.34 0.35 -32.67 28/100(28.00%)
18S-1226 HACA 6 HP2 0.20 0.43 -27.03 16/100(16.00%)
18S-1226 HACA 8 HP2 0.25 0.27 -28.86 12/57(21.05%)
18S-1318 HACA 34 HP1 0.94 0.94 -37.14 56/77(72.73%)
18S-1318 HACA 35 HP2 0.55 0.94 -29.65 28/69(40.58%)
18S-1418 HACA 37 HP1 0.14 0.15 -25.69 12/100(12.00%)
18S-1418 HACA 4 HP1 0.15 0.17 -36.86 11/89(12.36%)
18S-1582 HACA 42 HP1 0.49 0.49 -27.91 52/125(41.60%)
18S-1582 HACA 53 HP2 0.21 0.23 -42.08 12/68(17.65%)
18S-342 HACA 29 HP2 0.92 0.92 -29.32 17/22(77.27%)
18S-342 HACA 53 HP2 0.34 0.38 -41.02 19/68(27.94%)
18S-400 HACA 13 HP1 0.19 0.20 -31.81 20/131(15.27%)
18S-400 HACA 15 HP1 0.39 0.39 -37.36 21/69(30.43%)
18S-400 HACA 34 HP1 0.41 0.43 -31.85 29/77(37.66%)
18S-400 HACA 4 HP2 0.23 0.30 -27.89 17/89(19.10%)
18S-421 HACA 13 HP2 0.22 0.23 -31.46 25/131(19.08%)
18S-421 HACA 28 HP2 0.12 0.13 -34.47 11/105(10.48%)
18S-421 HACA 53 HP2 0.25 0.25 -40.21 14/68(20.59%)
18S-964 HACA 2 HP1 0.85 0.85 -27.01 50/82(60.98%)
18S-964 HACA 34 HP1 0.17 0.17 -33.98 12/77(15.58%)
25S-1140 HACA 13 HP1 0.14 0.17 -34.27 11/131(8.40%)
25S-1140 HACA 37 HP1 0.49 0.76 -25.19 27/100(27.00%)
25S-1862 HACA 17 HP1 0.48 0.48 -26.68 28/100(28.00%)
25S-1862 HACA 42 HP1 0.16 0.16 -31.82 12/125(9.60%)
25S-1934 HACA 21 HP2 0.40 0.40 -28.16 24/101(23.76%)
25S-1934 HACA 42 HP1 0.17 0.19 -26.96 14/125(11.20%)
25S-1962 HACA 4 HP1 0.44 0.58 -32.14 23/89(25.84%)
25S-1962 HACA 9 HP1 1.17 1.17 -31.85 62/95(65.26%)
25S-2597 HACA 13 HP2 0.29 0.36 -32.91 23/131(17.56%)
25S-2597 HACA 34 HP2 0.20 0.20 -30.70 11/77(14.29%)
25S-2813 HACA 21 HP2 0.36 1.07 -26.18 19/101(18.81%)
25S-2813 HACA 28 HP2 0.19 0.20 -32.13 14/105(13.33%)
25S-2813 HACA 53 HP2 0.40 0.45 -41.03 17/68(25.00%)
25S-290 HACA 42 HP1 0.34 0.34 -31.20 15/125(12.00%)
25S-290 HACA 8 HP2 0.97 1.01 -30.97 22/57(38.60%)
25S-3013 HACA 2 HP1 1.07 1.07 -28.54 42/82(51.22%)
25S-3013 HACA 42 HP1 0.14 0.17 -28.65 11/125(8.80%)
25S-3017 HACA 42 HP1 0.14 0.14 -28.87 11/125(8.80%)
25S-3017 HACA 6 HP2 0.22 0.20 -30.73 13/100(13.00%)
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Table A.23. (Continued)
modification site snoRNA family hairpin ICIsno ICIsub ∅ mfe detected interactions (%)
25S-3061 HACA 11 HP1 0.21 0.21 -27.94 12/85(14.12%)
25S-3061 HACA 53 HP2 0.26 0.64 -44.43 11/68(16.18%)
25S-3061 HACA 9 HP1 0.27 0.43 -26.83 18/95(18.95%)
25S-3315 HACA 28 HP2 0.24 0.26 -36.04 18/105(17.14%)
25S-3315 HACA 3 HP2 0.90 0.90 -33.45 61/116(52.59%)
25S-3355 HACA 17 HP1 0.59 0.59 -26.12 33/100(33.00%)
25S-3355 HACA 42 HP1 0.18 0.19 -27.65 15/125(12.00%)
25S-3449 HACA 28 HP2 0.34 0.37 -35.29 25/105(23.81%)
25S-3449 HACA 3 HP2 1.03 1.03 -31.31 70/116(60.34%)
25S-3570 HACA 15 HP1 0.44 0.44 -39.26 16/69(23.19%)
25S-3570 HACA 9 HP1 0.51 0.53 -26.36 33/95(34.74%)
25S-3615 HACA 17 HP1 0.36 0.36 -33.52 18/100(18.00%)
25S-3615 HACA 1 HP1 0.76 0.82 -27.04 44/109(40.37%)
25S-3617 HACA 17 HP1 0.60 0.71 -29.93 29/100(29.00%)
25S-3617 HACA 3 HP2 0.21 0.22 -27.21 16/116(13.79%)
25S-4073 HACA 13 HP1 0.34 0.34 -33.19 26/131(19.85%)
25S-4073 HACA 28 HP2 0.28 0.30 -35.29 20/105(19.05%)
25S-4073 HACA 3 HP2 0.20 0.20 -31.70 16/116(13.79%)
25S-4084 HACA 19 HP2 0.38 0.42 -36.96 13/60(21.67%)
25S-4084 HACA 35 HP1 1.19 1.21 -31.72 48/69(69.57%)
25S-4084 HACA 3 HP2 0.18 0.18 -27.56 14/116(12.07%)
25S-787 HACA 13 HP2 0.32 0.40 -30.70 24/131(18.32%)
25S-787 HACA 2 HP2 0.89 0.93 -28.31 40/82(48.78%)
5.8S-18 HACA 17 HP2 0.14 0.19 -28.55 11/100(11.00%)
5.8S-18 HACA 28 HP2 0.34 0.34 -33.31 32/105(30.48%)
5.8S-18 HACA 42 HP1 0.60 0.60 -30.36 62/125(49.60%)
5.8S-18 HACA 8 HP2 1.02 1.10 -32.44 45/57(78.95%)
5.8S-27 HACA 17 HP1 0.41 0.41 -27.93 33/100(33.00%)
5.8S-27 HACA 53 HP2 0.20 0.22 -39.88 12/68(17.65%)
U1-139 HACA 3 HP2 0.26 0.90 -31.58 20/116(17.24%)
U1-139 HACA 8 HP2 0.19 0.21 -27.94 11/57(19.30%)
U2-123 HACA 28 HP2 0.15 0.23 -36.10 13/105(12.38%)
U2-123 HACA 3 HP2 0.16 0.18 -31.96 16/116(13.79%)
U2-67 HACA 19 HP1 0.26 0.26 -32.79 15/60(25.00%)
U2-67 HACA 6 HP1 0.14 0.18 -25.25 12/100(12.00%)
U4-41 HACA 21 HP1 0.18 0.23 -25.52 14/101(13.86%)
U4-41 HACA 21 HP2 0.35 0.35 -25.49 30/101(29.70%)
U6-49 HACA 37 HP1 0.32 0.33 -27.20 27/100(27.00%)
U6-49 HACA 42 HP1 0.12 0.15 -27.77 15/125(12.00%)
U6-49 HACA 43 HP2 0.14 0.14 -25.57 12/99(12.12%)
U6-61 HACA 34 HP1 0.19 0.25 -32.32 14/77(18.18%)
U6-61 HACA 35 HP2 0.20 0.32 -26.62 14/69(20.29%)
U6-79 HACA 11 HP1 0.16 0.16 -27.05 13/85(15.29%)
U6-79 HACA 13 HP2 0.12 0.16 -33.80 15/131(11.45%)
U6-79 HACA 15 HP2 0.28 0.28 -27.82 18/69(26.09%)
U6-85 HACA 34 HP1 0.30 0.30 -31.54 22/77(28.57%)
U6-85 HACA 35 HP2 0.32 0.51 -26.42 21/69(30.43%)
U6-85 HACA 42 HP2 0.15 0.27 -39.70 18/125(14.40%)
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